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Abstract 

The molecular mechanisms that regulate decidualisation are not fully understood. 

Decidualisation, the differentiation of endometrial stromal cells into decidual cells during the 

secretory phase of the menstrual cycle is a complex, biological system, which encompasses a 

network of genes that change expression in a dynamic manner. To coordinate such 

complexity, epigenetic mechanisms, such as DNA methylation, histone modification and 

non-coding RNA may be necessary. We hypothesised that DNA methylation regulates 

decidualisation of human endometrial stromal cells. We treated a human endometrial stromal 

cell-line (HESC) with 5-aza-2‘-deoxycytidine (AZA) to inhibit the DNA methylation of gene 

promoters by passive demethylation. AZA transformed HESC morphology to decidual-like 

and minimally, yet significantly up-regulated markers of decidualisation, which indicated that 

AZA partially decidualised endometrial stromal cells. The established treatment to induce 

decidualisation is estradiol/medroxyprogesterone-acetate (MPA)/cAMP (MPA-mix). 

Analysis of our microarray data (AZA versus MPA-mix versus control) suggested that both 

AZA and MPA-mix treatments regulated the RhoGTPase family of cytoskeletal 

reorganisation genes during decidualisation. To initiate decidualisation, the cytoskeleton is 

reorganised and the cell cycle is inhibited to arrest stromal cell proliferation. The cell cycle of 

HESC during AZA and MPA-mix treatments was determined by flow cytometry. MPA-mix 

inhibited HESC cell cycle at G0/G1 phase early and G2/M phase at 18 days, while AZA 

treatment inhibited HESC at G2/M phase throughout. Important cell cycle regulators of the 

G2/M phase include the p53 pathway proteins of p53, p21
Cip1

, cyclinB1 and 14-3-3sigma, 

which were all increased after MPA-mix and AZA treatments. In a 6hr to 10day time-course, 

estradiol/MPA and db-cAMP, independently and in combination, consistently down-

regulated DNMT3B mRNA (DNA methyltransferase), but only transiently down-regulated 

DNMT1 and DNMT3A mRNA. To potentially inhibit decidualisation, we over-expressed 

DNMT3B by plasmid transfection, but this was insufficient to inhibit decidualisation 

although it attenuated IGFBP1, the decidualisation marker, and combined with MPA-mix, it 

synergistically increased PRB mRNA. So, over-expression of DNMT3B had the opposite 

effect of PRA on PRB and IGFBP1. In conclusion, DNA methylation is involved in the 

regulation of decidualisation, possibly by regulating RhoGTPase family cytoskeletal 

reorganisation, but further work is needed to elucidate the exact molecular mechanisms and 

to delineate the specific genes regulated by DNA methylation. 
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Chapter 1.    General Introduction  

1.1.    Introduction 

Humans are a relatively sub-fertile species compared to other mammals and life forms with 

an average monthly fecundity rate of 20% and sub-fertility affecting at least 10% of couples 

(Evers 2002; Vanneste et al. 2009). Increasing numbers of relatively older couples now face 

decreasing fertility and they seek assistance from assisted reproductive technologies. At 

present the assisted reproductive technology of in vitro fertilisation (IVF) has a 50% 

implantation rate per cycle (Strowitzki et al. 2006; Boomsma et al. 2009). The limitation of 

IVF is largely due to aberrant endometrial function and receptivity, which leads to a lower 

than desired rate of implantation of the high-quality embryo that is transferred (Sharkey and 

Smith 2003; Aplin 2006; Penzias 2012). The live birth rate for IVF is around 30% per cycle 

(2006), but this is age dependent, <38 years (determined by the age of the oocyte) (Strowitzki 

et al. 2006; De Mouzon et al. 2010). For natural conceptions, approximately 60% are 

preclinical losses; i.e. 30% from implantation failure and 30% from pregnancy loss before the 

time of the first missed period (Macklon et al. 2002; Rai and Regan 2006).  

 

An improved understanding of endometrial receptivity, the fully functioning endometrium, 

and molecular mechanisms, should enhance embryo implantation, enable a healthy embryo to 

be retained once implanted, and therefore increase pregnancy rates for single embryos and 

maintain those pregnancies to full term (Aplin 2006). Successful implantation is a distinct 

advantage for the survival of the fetus growing in the uterus, because even when there is a 

pregnancy there are pathologies of pregnancy, such as early pregnancy loss (<42 days since 
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last period), miscarriage, pre-eclampsia, intrauterine growth restriction, placenta accreta, 

preterm birth and ectopic pregnancy (Graham and Lala 1992 ; Venners et al. 2004; Norwitz 

2006; Brosens et al. 2011). An optimal start in fetal life is advantageous for the long term 

health of the future adult (Cutfield et al. 2007; Gordon et al. 2012). Besides the issues of 

fertility and contraception, there is also the question of women‘s reproductive health with 

fibroids, endometriosis and endometrial cancer needing resolution (Martini et al. 2002; 

Fleischer et al. 2008; Agarwal and Subramanian 2010). 

 

Two fields of research come together as the subject of this thesis: the decidualisation of 

human endometrial stromal cells and the epigenetic regulation of gene expression. 

Researchers who work in each field recognise them as complex and not fully understood. 

This introduction chapter will focus on the epigenetic mechanism of DNA methylation and 

will only briefly deal with histone modification and non-coding RNA epigenetic mechanisms. 

1.2.    The uterus  

1.2.1.    The anatomy of the uterus 

The uterus is located inside the pelvis, lying between the urinary bladder and the rectum, in 

the lower abdomen (Johnson and Everitt 2007). Connected to the uterus are the ovaries at the 

distal end of the two fallopian tubes (sometimes known as uterine tubes) (Figure 1.1.). The 

uterus consists of three layers, the outer, serosa perimetrium layer covering the uterus; the 

muscle layer of myometrium; and the regenerative, inner layer lining the uterus, the 

endometrium. There are two layers of the endometrium, the functionalis and the basalis. The 

basalis layer is deepest adjacent to the myometrium, and the functionalis overlies the basalis.  
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Figure 1.1.   The uterus    

(Artwork by Sheryl K Munro, permission to use granted) 

 

1.2.2.    Endometrial biology 

The endometrium contains a mixture of stromal cells, endothelial cells, fibroblast cells, and 

glands, with an epithelial layer exposed to the lumen of the uterus. The endometrium is where 

the embryo implants, establishes a placenta and continues to grow as a fetus. The human 

embryo must attach to the uterine epithelial layer and implant otherwise there will be 

implantation failure (Makker and Singh 2006). The mix of endometrial cell types respond to 

estrogen and progesterone during the monthly menstrual cycle and each cell type has a 

distinctive change and has a functional interaction with the other cell types (Arnold et al. 

2001). 

1.2.2.1.    Endometrial epithelial cells 

A single layer of columnar epithelial cells overlies the stromal compartment. After 

menstruation has removed the functionalis layer, epithelial cells can proliferate without 

estrogen initially, because they are estrogen responsive-negative i.e. ERα negative and 
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regenerate in the absence of estrogen  (Kaitu'u-Lino et al. 2007). During the secretory phase, 

progesterone differentiates endometrial epithelial cells, which then secrete key proteins such 

as glycodelin and leukemia inhibitory factor (LIF) (Ohta et al. 2008). LIF is a prominent 

glycoprotein cytokine that plays an essential role in embryo implantation, by increasing the 

epithelial cell adhesiveness for the attachment of the embryo (Králícková 2005; Marwood et 

al. 2009). 

1.2.2.2.    Endometrial stromal cells 

The cellular morphology of endometrial stromal cells is small, spindly, mesenchymal, 

fibroblast-like cells. Stromal cells differentiate into decidual cells during the secretory phase 

of the menstrual cycle. There will be a further and full discussion of decidualisation of 

stromal cells later in this introduction. 

1.2.2.3.    Endometrial glandular cells 

Endometrial glands are simple, tubular cells attached to the base of the stroma that during the 

secretory phase secrete glycodelin and other proteins into the uterine lumen at the surface of 

the epithelium (Norwitz et al. 2001; Seppala et al. 2002). Glycodelin is the established 

epithelial differentiation marker for endometrial glandular cells (Seppala et al. 2002). 

Progesterone up-regulates glycodelin so that glycodelin transforms the morphology of the 

glands (Seppala et al. 2002). The changes in glandular epithelium begin to be seen at cycle 

Days 15-16 (Noyes et al. 1950; Lessey 2000).  

1.2.2.4.    Endometrial vascular cells 

The regrowth of the functionalis tissue depends on vascular regeneration to support it (Smith 

2001). Angiogenesis in the functionalis involves the formation of the spiral arterioles and 

veins from the existing blood vessels in the basalis, which also regrows vessels (Gambino et 
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al. 2002). The main angiogenic mechanism to restructure the existing vessels is vessel 

elongation (Rogers et al. 1998; Gambino et al. 2002). Many signalling molecules and 

receptors are required for angiogenesis and vascular network remodelling (Girling and 

Rogers 2009). Vascular endothelial growth factor (VEGF) is the key regulator of vascular 

growth in the endometrium, but FGF (fibroblast growth factor), PDGF (platelet-derived 

growth factor), and angiopoietins are also involved (Heryanto et al. 2003; Plaisier 2011). 

Uterine natural killer cells and other immune cells, such as leucocytes and neutrophils 

infiltrate into the endometrium  and express VEGF for the proliferation of endothelial cells 

(Heryanto et al. 2003; Plaisier 2011).  

1.2.3.    Endometrial stem cells regenerate the endometrium 

Every month, the functionalis layer in the endometrial lining regrows 5-7 mm in 4-10 days 

extending on from the basalis layer of 0.5-1.0 mm (Mclennan and Rydell 1965). Among the 

endometrial cells of the basalis layer are endometrial stem cells that resupply the 

endometrium with fresh cells to replace the functionalis cells lost due to menstruation 

(Gargett 2007; Nguyen et al. 2012). These epithelial and mesenchymal adult endometrial 

stem cells differentiate into epithelial, stromal fibroblast and vascular cells (Padykula 1991; 

Tsuji 2008; Gargett and Masuda 2010). The epithelial stem cells are found in the basalis layer 

(Gargett 2007), whereas the mesenchymal stem cells are found in perivascular stem-cell 

niches in both the basalis and functionalis layers (Schwab and Gargett 2007). 

 

The origin of the endometrial stem cells is still controversial (Maruyama et al. 2010). It had 

been thought that the stem cells originate in the bone marrow and migrate every month to the 

uterus (Taylor 2004; Du and Taylor 2007; Aghajanova et al. 2010a), or there could be 

endometrial stem cells that only reside in the endometrium (Chan et al. 2004; Schwab and 
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Gargett 2007).  Adult stem cells are found throughout the body in highly regenerative tissues, 

such as the bone marrow, intestinal epithelium, hair follicles, testes, and epidermis (Moore 

and Lemischka 2006). Endometrial mesenchymal stem cells have been differentiated into 

chondrogenic, adipogenic, osteogenic, and myogenic cell types, similar to other 

mesenchymal stem cells (Schwab and Gargett 2007; Wolff et al. 2007; Dimitrov et al. 2008). 

Gland- and stromal-like cells have been generated from human endometrial stem cells (Kato 

et al. 2007). Endometrial mesenchymal stem cells have been transplanted into 

immunodeficient mice, which generated functioning human endometrium, responsive to 

estrogen and progesterone (Masuda et al. 2007; Cervello et al. 2011).  

 

1.3.    The menstrual cycle     

Cyclic changes in the female reproductive system every month prepare the uterus for the 

release of an oocyte from the ovaries, possible fertilisation by a sperm and embryo 

implantation into the endometrium. This monthly menstrual cycle has an average length of 28 

days with a standard deviation of 4 days (Figure 1.2.)  (Chiazze et al. 1968). The variation in 

overall menstrual cycle length between women is generally derived from the variation in the 

proliferative phase (Noyes et al. 1950). The mean age for menarche, the commencement of 

menstrual cycles is 12.5 years in Europe (Sloboda et al. 2011) and the mean age for natural 

menopause is 50 years (USA) (Whelan et al. 1990). Therefore a typical woman will have 

more than 400 cycles throughout her reproductive life.  
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Figure 1.2.   The menstrual cycle: ovarian cycle and endometrial (uterine) cycle 

(www.iapchem.org/conference/manager/free-printable-menstrual-cycle-calendar&page=4, 

accessed 28 June, 2012) 

1.3.1.    The ovarian cycle 

The ovarian cycle and the endometrial cycle are two aspects of the menstrual cycle (Figure 

1.2.) The ovaries undergo a monthly ovarian cycle concurrent with the endometrial cycle. 

The ovarian cycle begins with the follicular phase, then ovulation at Day 14 followed by the 

luteal phase. During the follicular phase the primary follicles grow into secondary follicles 

and are competitively selected to produce one mature follicle that contains the oocyte. This 

selection of the dominant follicle corresponds with a maximal rise in estrogen which triggers 

http://www.iapchem.org/conference/manager/free-printable-menstrual-cycle-calendar&page=4
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the surge of luteinising hormone (LH) and follicle stimulating hormone (FSH) to a peak and 

results in ovulation (Johnson and Everitt 2007). The luteal phase follows ovulation, when the 

follicle, which released the oocyte, develops into a corpus luteum that produces estrogen, 

progesterone and proteins, such as relaxin (Bryant-Greenwood et al. 1993; Johnson and 

Everitt 2007).  

1.3.2.    The ovarian steroid hormones 

Estrogen, progesterone and androgens (testosterone, dihydrotestosterone (DHT)) are steroid 

hormones synthesised from cholesterol in the follicles of the ovaries and the corpus luteum 

(progesterone from only the corpus luteum). If there is a pregnancy then the corpus luteum 

will secrete progesterone and maintain it but after six weeks the syncytiotrophoblast in the 

placenta will take over synthesising progesterone (Paul et al. 1981). If there is no pregnancy 

then the production of progesterone will cease and menstruation will commence with the 

shedding of the endometrial tissue (Simmen and Simmen 2006). 

 

There are three forms of estrogen: 17β-estradiol is the main estrogen for the monthly 

menstrual cycle, estrone is produced from adipose tissue in small quantities, especially during 

post-menopause (and in males), and estriol is produced by the placenta to prepare for 

childbirth (Johnson and Everitt 2007). 

 

The androgens of testosterone and DHT can up-regulate prolactin and are essential for 

decidualisation of human endometrial stromal cells, by enhancing resistance to oxidative 

stress and apoptosis (Narukawa et al. 1994; Cloke and Christian 2012; Kajihara et al. 2012). 

Testosterone reaches a peak expression at Day 15 of the menstrual cycle (Cloke and Christian 

2012). Testosterone can be converted to DHT by 5α-reductase, and although testosterone is 
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known as the male steroid hormone, it is the precursor that aromatase converts to estradiol 

(Johnson and Everitt 2007).  

1.3.3.    The endometrial cycle 

The endometrium undergoes a monthly cycle of three phases, the proliferative phase, the 

secretory phase and then if there is no pregnancy, the menstrual phase, or menses, when the 

endometrial tissue of the functionalis layer breaks down and is sloughed off      (Figure 1.2.) 

(Schatz et al. 1999). Menstruation lasts for about four to five days (Mclennan and Rydell 

1965). Then from day 3 after the onset of bleeding the endometrium tissue regenerates 

(Jabbour and Critchley 2001). In the proliferative phase, estrogen promotes the growth of the 

endometrial stromal cells. In the secretory phase progesterone halts the growth effect of 

estrogen on the stromal cells and decidualises them from stromal cells to decidual cells 

(Garcia 1988). Before a cell can differentiate, the proliferation of that cell must cease through 

the arrest of the cell cycle (Mclennan and Rydell 1965). 

1.3.4.    The ‘window of implantation’ 

There is a critical period of time in the menstrual cycle for the blastocyst to implant into the 

receptive endometrium called the ‗window of implantation‘ (Figure 1.2.) (Psychoyos 1973; 

Bergh and Navot 1992; Tabibzadeh 1998). The window of implantation reflects the 

synchronisation between embryonic development and endometrial receptivity, which 

encompasses a uterine environment conducive for the embryo, receptive luminal epithelium 

and decidualised stroma. The endometrium has to be decidualised, vascularised and 

oedematous ready for the trophoblast invasion and blastocyst implantation (Norwitz et al. 

2001) 
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The embryo enters into the uterine cavity, as a morulla, between 72 to 96 hours  after 

ovulation (3-4 days) (Croxatto et al. 1978). Then the six day old blastocyst hatches from the 

zona pellucida and its syncytiotrophoblasts are ready to attach to the epithelial cell layer on 

the surface of the uterus (nidation) before they invade into the endometrium (Figure 1.3.) 

(Johnson and Everitt 2007). The blastocyst attaches to the epithelium in three stages, 

apposition, the initial adhesion with the projecting pinopods of the epithelium; then stable 

adhesion; followed by invasion of the syncytiotrophoblasts that penetrate the epithelium and 

the decidualised stroma (Fisher and Damsky 1993; Norwitz et al. 2001). After 10 days from 

conception, the epithelium has regrown over the site of implantation and the blastocyst is 

buried inside the endometrium. The human embryo is unique among mammals because it 

completely buries itself inside the endometrium, with the epithelial layer covering it over 

(interstitial implantation) (Norwitz et al. 2001). 

 

 

Figure 1.3.   Implantation of the embryo into the endometrium  

Reprinted from (Bischof and Irminger-Finger 2005), with permission from Elsevier.  
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The window of implantation opens at about six days after ovulation and shuts ten days after 

ovulation i.e. cycle Days 20 - 24 (Bergh and Navot 1992; Kao et al. 2002). A successful 

implantation depends on a synchronised cross-talk between the developing embryo and the 

receptive endometrium. Outside this window of time the endometrium is unreceptive to 

implantation and any late implantation is prone to early pregnancy loss (Baird et al. 1991; 

Wilcox et al. 1999). Research into infertility and IVF treatment has highlighted the need to 

know when the window of implantation is open. There was a debate about how long the 

window is open and various viewpoints suggested a period of anywhere between 3.5 to 7 

days. At least four research groups have used microarrays to compare the gene expression of 

endometrial cells between two different days after the LH surge, and they found the window 

is open for four days around the progesterone peak (Kao et al. 2002; Martin et al. 2002; 

Giudice 2003; Horcajadas et al. 2004a).  

 

Two sets of genes co-ordinate the timing of the window when the blastocyst can implant – 

one gene set readies the endometrium to be receptive to the blastocyst and the other set makes 

it unreceptive (Tabibzadeh 1998; Ponnampalam et al. 2004). Unexplained infertility might be 

caused by some genes involved in the endometrium that are not up- or down-regulated at the 

critical time and so either the window does not open, or not at the appropriate time (Garzia et 

al. 2004; Tang et al. 2005b).  

 

1.3.5.    Steroid hormone receptors in the menstrual cycle 

The main ovarian steroid receptors are estrogen receptors ERα and ERβ; progesterone 

receptors PRA and PRB; and androgen receptor AR (glucocorticoid receptor GR is also 

expressed in stromal cells throughout the menstrual cycle) (Figure 1.4.) (Griekspoor et al. 
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2007; Critchley and Saunders 2009). The ovarian hormone receptors are ligand-activated 

nuclear receptors, with DNA and ligand binding domains, which generally form homodimers 

or heterodimers, recruit co-factors and regulate the expression of down-stream genes by 

inducing or repressing their transcription (Mesiano et al. 2011). Estradiol priming up-

regulates ERα, ERβ, AR, PRA and PRB in stromal cells during the proliferative phase when 

the expression of each reaches a peak and then the expression significantly decreases during 

the secretory phases due to the increase in progesterone (Garcia 1988; Mertens et al. 2001; 

Vienonen et al. 2004). Although AR expression in the endometrium is relatively constant 

over the menstrual cycle it is slightly lower in the secretory phase (Slayden et al. 2001; 

Apparao et al. 2002). During decidualisation, AR regulates a distinct network of genes 

compared to PR (Marshall et al. 2011). AR regulates cytoskeletal reorganisation and cell 

cycle regulation, whereas PR regulates growth factor and cytokine signalling (Cloke et al. 

2008; Cloke et al. 2010). 

 

1.3.5.1.    Progesterone receptor 

The progesterone receptor has isoforms PRA and PRB, which are nuclear receptors and there 

is also a family of non-genomic membrane-bound progesterone receptors (Gellersen et al. 

2009; Mesiano et al. 2011). Besides the nuclear activity, PR has extra-nuclear activity in the 

cytoplasm, for instance PR binds to SRC kinase, which activates ERK (Leonhardt et al. 2003; 

Mesiano et al. 2011). The PRB isoform has an extra 164 amino acids at the N-terminal end, 

which includes an extra transactivation domain, AF3, where co-factors bind (Kastner et al. 

1990). While both isoforms are inducible by estrogen, PRA and PRB have separate and 

sometimes opposing functions under the control of two different promoters (Kastner et al. 

1990; Giangrande et al. 2000; Sasaki et al. 2001a; Yudt et al. 2006). PRA represses ovarian 



 

13 

 

steroid hormone receptors, including PRB (Vegeto et al. 1993; Tan et al. 2012), while PRB 

activates transcription of progesterone-responsive genes (Wen et al. 1994; Giangrande et al. 

2000). Although PRA is generally a weaker transactivator than PRB, in stromal cells PRA is 

the predominant progesterone receptor during the secretory phase (Wang et al. 1998; 

Critchley and Saunders 2009). PRA knock-out mice lack the ability to decidualise stromal 

cells (Conneely et al. 2001). 

 

 

Figure 1.4.   Ovarian steroid receptors DBD, DNA binding domain; LBD, ligand 

(hormone) binding domain; AF1, activation function 1, in N-terminal regulatory domain; GR, 

glucocorticoid receptor; MR, mineralacorticoid receptor (aldosterone).  

Reprinted from (Griekspoor et al. 2007), free use. 

 

1.3.5.2.    Estrogen receptor 

The estrogen receptors ERα and ERβ reach a maximum expression at the late proliferative 

phase and early secretory phase (Snijders et al. 1992). However a study reported that the 

highest levels of ERβ observed in stromal cells was in late-secretory decidual cells located 

near vascular smooth muscle cells (Lecce et al. 2001). The two estrogen receptors are 

encoded by separate genes, have different characteristics (Barkhem et al. 1998) and different 
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functions in the endometrium (Critchley and Saunders 2009). ERα is predominant in the 

uterus and the function is to stimulate endometrial proliferation and to prime PRA to induce 

decidualisation (Ferenczy et al. 1983; Couse and Korach 1999). The endometrium can adapt 

to a lack of estrogenic stimulation. An ERα knockout mouse study showed that PR protein 

was expressed in αERKO mice, at 60% of wild-type mice, and that decidualisation was still 

possible, (ERβ mRNA was not detected) but these αERKO mice had adapted to ERα 

deficiency because wild-type mice did not have a decidualisation response when treated with 

the anti-estrogen receptor ICI 182,780 (Curtis et al. 1999). A double ERα/β knockout mouse 

study confirmed that decidualisation is possible in αERKO mice without relying on ERβ 

(Couse and Korach 1999). Surprisingly, a study of endometrial regeneration in the 

proliferative phase of mice showed that estrogen was not necessary and could be substituted 

for by other growth factors (Kaitu'u-Lino et al. 2007).  

1.4.    Decidualisation of endometrial stromal cells 

The endometrial stromal cells are differentiated into decidual cells, i.e. decidualisation, by the 

ovarian steroid hormones of estrogen and progesterone during the menstrual cycle (Tabanelli 

et al. 1992). Although estradiol does not independently induce decidualisation (measured by 

prolactin expression), estradiol combined with progesterone enhances progesterone-induced 

decidualisation (Huang et al. 1987; Kasahara et al. 2001). Decidualisation is an incompletely 

understood complex biological system in which the estrogen/progesterone pathways and the 

cAMP-induced PKA pathway initiate decidualisation; moreover there are many other 

pathways that subsequently drive decidualisation, for example, the Notch1 pathway (Afshar 

et al. 2007; Afshar et al. 2012a; Afshar et al. 2012b), the Wnt pathway (Sonderegger et al. 

2010; Duncan et al. 2011; Pabona et al. 2012), the androgens and androgen receptor pathway 

(Cloke et al. 2008; Marshall et al. 2011; Cloke and Christian 2012; Kajihara et al. 2012), the 
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cytokine pathways, such as the Activin A pathway (Jones et al. 2002a; Jones et al. 2006b; 

Jones et al. 2006c), the SMAD 2/3 pathway (Kim et al. 2005b; Jones et al. 2006c; Kane et al. 

2010), and the JAK/STAT pathway (Jabbour et al. 1998; Gubbay et al. 2002; Mak et al. 

2002). 

1.4.1.    cyclic AMP initially activates decidualisation 

It is contended by some researchers, including ourselves, that cyclic adenosine 

monophosphate (cAMP) is the early activator of decidualisation, but to other researchers this 

contention appears controversial since they claim that it is not fully supported by the 

literature (Salamonsen et al. 2009). Their main concern is that they consider that no ligand 

has been identified that will bind the LH/hCG receptor at the appropriate time. However, it 

has been accepted that once decidualisation commences cAMP continues to be active 

throughout pregnancy (Bergamini 1985; Tanaka et al. 1993). It has been found that in vivo 

intracellular cAMP concentrations remain high during decidualisation (Whitsett and Johnson 

1979; Pansini 1984; Bergamini 1985; Bartsch et al. 2004) and that cAMP as the sole 

treatment can decidualise stromal cells in vitro (Pohnke et al. 2004; Cho et al. 2011). To 

initiate decidualisation, the LH surge and the FSH peak stimulate cAMP through the hCG/LH 

receptors in the stromal cells (Reshef et al. 1990; Tang and Gurpide 1993; Tang et al. 1994; 

Bernardini et al. 1995; Licht et al. 2001; Stewart 2001), then relaxin, corticotropin-releasing 

hormone (CRH), prostaglandin E2 (PGE2), or human chorionic gonadotropin (hCG) from 

trophoblasts take over the stimulation of cAMP, until term if pregnancy occurs (Houserman 

et al. 1989; Tang et al. 1994; Telgmann and Gellersen 1998; Makrigiannakis et al. 1999). 

Relaxin is produced by decidual cells during the late secretory phase, and by the corpus 

luteum during pregnancy (Bryant-Greenwood et al. 1993; Bartscha and Ivell 2004; 

Dimitriadis et al. 2005). cAMP activates the protein kinase A pathway (PKA) to prime the 
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slow-acting progesterone; and the sustained activation of PKA maintains decidualisation 

(Brar et al. 1997; Christian et al. 2002; Gellersen and Brosens 2003). Although cAMP and 

progesterone have separate regulatory pathways, cAMP cross-talks with PRA via cAMP-

induced transcription factors, which interact with PRA to decidualise stromal cells (Gellersen 

and Brosens 2003; Tulac et al. 2006). The cAMP-induced PKA pathway also interacts with 

other pathways, for example with the cytokine pathways, such as IL-11 and Activin A (Florio 

et al. 2003; Tierney et al. 2003; Dimitriadis et al. 2006).  

  

1.4.2.    Endometrial stromal cells differentiate into decidual cells 

At first, decidualisation begins around the spiral arteries and then following embryo 

implantation decidualisation spreads throughout the stroma (Noyes et al. 1950). The stromal 

cells have a distinct change of morphology from small, spindly, mesenchymal, fibroblast-like 

cells to larger, rounder, polygon-shaped decidual cells (Maslar et al. 1986). The decidual 

cells develop rough endoplasmic reticulum, many mitochondria and Golgi complexes, and a 

separate extracellular matrix (ECM) network (Tseng et al. 1992). To transform from the 

stromal to decidual cell morphology the cytoskeleton and extracellular matrix are remodelled 

(Popovici et al. 2000). The gene expression of decidual cells is up- or down-regulated 

compared to the stromal cells and consequently the decidual cells have the appropriate 

concentrations of proteins ready to facilitate the implantation of the embryo (Tierney et al. 

2003). If there is no pregnancy then the progesterone concentration declines, the decidual 

cells initiate menstruation and the endometrium breaks down and is shed (Schatz et al. 1999).  

1.4.3.    Decidual cells are myofibroblast-like 

Endometrial stromal cells are functionally related to myofibroblasts, which are fibroblastic 

cells in mucosal surfaces, such as the gastrointestinal tract, that contract the edges of wounds 
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in wound healing (Munoz-Fernandez et al. 2006; Strakova et al. 2008). Myofibroblasts are 

also of mesenchymal origin, and have a similar ultra-structure with the expression of α-

smooth muscle actin and the intermediate filaments of vimentin and desmin (Oliver et al. 

1999; Kimatrai et al. 2003). Desmin, found primarily in muscle cells, is a marker for decidual 

cells; and vimentin is found in both stromal and decidual cells (Glasser and Julian 1986; 

Tabanelli et al. 1992; Can et al. 1995). Decidual cells express the marker of myofibroblasts, 

α-smooth muscle actin (Harada et al. 2006). Endometrial stromal cells are also similar to 

follicular dendritic cells, a specialised subgroup of myofibroblasts originating from bone 

marrow stem cell progenitors (Munoz-Fernandez et al. 2006).  

 

The endometrium overlies the myometrium, and because the uterus expands so much during 

pregnancy to contain the fetus, both tissue layers need to be elastic and contractile. During 

decidualisation, the uterus exerts mechanical forces on the endometrium, which enhances 

decidualisation of stromal cells (Harada et al. 2006). The contractility of decidual cells 

enables them to move to accommodate or restrict the invading extravillous trophoblasts 

during implantation (Gellersen et al. 2010).  

1.4.4.    The roles of decidual cells  

The functions of decidual cells are thought to be to slow the trophoblast invasion, maintain 

hemostasis of the spiral arteries, resist inflammatory and oxidative insults, and provide 

nutrients for the embryo at the start of implantation (Graham and Lala 1992 ; Lockwood et al. 

1999; Gellersen et al. 2007). The induction of decidualization protects endometrial stromal 

cells from apoptosis (Jasinska et al. 2006). It has been considered that the primary function of 

the decidual cells is to inhibit and guide the trophoblast invasion because non-tubal ectopic 
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pregnancies can invade and survive, for example in the abdomen or ovaries, without the 

nutrient support of decidual cells (Graham and Lala 1992 ). 

 

The decidual cells act as a physical barrier to prevent the excessive invasion of the columns 

of extravillous trophoblast cells, which invade the endometrium and continue on into the first 

third of the myometrium (Fisher and Damsky 1993; Lockwood et al. 1999). If there is faulty 

or non-existent decidualisation, the trophoblasts will invade too deeply and the life 

threatening disorders of ectopic pregnancy, choriocarcinoma or placenta accreta may occur 

(Graham and Lala 1992 ; Norwitz 2006). Placenta accreta is the condition of the placenta 

establishing too deeply inside the wall of the uterus, which causes haemorrhaging when the 

placenta is detached from the uterus at birth (Norwitz 2006). For the correct development of a 

placenta the trophoblasts must infiltrate the spiral arteries and convert them into wide 

diameter, high volume blood vessels (Cartwright and Balarajah 2005). A malformed placenta 

can lead to pre-eclampsia, preterm birth or intrauterine growth restriction and consequently a 

lifetime of adverse affects on the future adult‘s health (Kaufmann et al. 2003; Brosens et al. 

2011). 

 

Many biochemical actions take place to ensure the success of decidualisation. 17β-estradiol 

primes the stromal cells so the rise in progesterone can drive the expression of the set of 

genes that decidualise the stromal cells and open the window of implantation. Progesterone 

also quietens the wave-like contractility of the uterus that was necessary for moving the 

sperm quickly up the uterus to fertilise the oocyte in the fallopian tube. After fertilisation the 

uterus must become quiescent so the proteinases can clear an entry into the endometrium for 

the blastocyst to implant (Bulletti and De Ziegler 2005). The stromal cells surrounding the 

spiral arteries that the extravillous trophoblasts will invade into are decidualised first in order 
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to form a protective envelope around the spiral arteries to prevent haemorrhaging and 

maintain hemostasis by secreting the proteins: decorin, tissue factor (F3), the plasminogen 

activator type 1 (PLAT, PLAU) and its inhibitor (SERPINE1) (Lockwood et al. 1999; 

Lockwood et al. 2000; Xu et al. 2002; Lockwood et al. 2007).  

 

Once the embryo has been implanted, the remainder of the endometrium is decidualised so it 

can sustain the pregnancy to term (Noyes et al. 1950). The decidual cells develop organelles 

and provide a supply of glycogen and lipid droplets for the embryo to use for energy before 

the placenta is formed. The decidual cells stand up to the arrival of macrophages, and resist 

inflammatory signals and oxidative stress; and there is an inflow of uterine natural killer cells 

(Lobo et al. 2004; Gellersen et al. 2007; Lash et al. 2010).  

 

1.4.4.1.    Uterine natural killer cells 

Uterine natural killer cells (uNK) are the most abundant immune cells during decidualisation 

and early pregnancy (Lash et al. 2010). uNK are large granular lymphocytes, with a different 

phenotype, gene expression and function than the natural killer cells circulating in the blood 

that kill tumour and virally infected cells (King 2000; Tabiasco et al. 2006). They are 

recruited after ovulation from the blood in massive numbers that increase for a week to be 

localised around arteries, glands and the implantation site of the embryo (King 2000; 

Tabiasco et al. 2006). Chemokines attract the uNK cells into the endometrium to be 

stimulated by the IL-15 released from decidual cells (Salamonsen et al. 2007). uNK are 

important for implantation because they possibly influence the endometrium to continue 

decidualisation or proceed to menstruation, inhibit trophoblasts, and fight viral infection. 

Studies of pregnant mice lacking uNK cells suggest that uNK remodel the vascular system 

and that they could be implicated in human pathologies such as preeclampsia (Tabiasco et al. 
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2006; Lash and Bulmer 2011).  There is close cellular contact between decidual cells and 

uNK cells with mutual paracrine signalling; for example decidual cells secrete prolactin to 

the uNK cells, which, although not exactly known, possibly regulates proliferation and 

differentiation (Gubbay et al. 2002; Dunn et al. 2003; Dosiou and Giudice 2005).   

1.4.4.2.    Paracrine signalling 

There is also paracrine signalling between the decidual cells, trophoblasts, epithelial cells and 

other cell types (Hess et al. 2007). Invading trophoblasts express IGF-II that regulates the 

decidual cell-secreted TIMP3 and IGFBP1 that inhibit the trophoblast invasion (Irwin et al. 

2001). Luminal epithelial cells and decidualising stromal cells have paracrine interactions. 

Epithelial cells rely on progesterone receptors from stromal cells to inhibit estradiol-induced 

DNA synthesis and cell proliferation (Kurita et al. 1998). Progesterone also induces epithelial 

cells to secrete TGFβ1, which is taken up by nearby stromal cells and partly stimulates 

decidualisation (Kim et al. 2005b). So progesterone activates a complex paracrine signalling 

network in the endometrium (Wetendorf and Demayo 2011). 

1.4.4.3.    Maternal immune tolerance against the fetus 

A recent study has presented another possible answer to the classic immunology problem 

posed by Peter Medawar sixty years ago about why the maternal immune system does not 

attack the allogenic fetus as a foreign invader (Billington 2003). Nancy et al suggested that 

histone silencing of promoters of chemokines in decidual cells prevents effector T-cells from 

accumulating in the decidua and therefore the decidua is a barrier that protects the fetus from 

being attacked by the maternal immune system (Nancy et al. 2012). There have been other 

suggestions to answer the problem. Syncytin is a retroviral gene that fuses cytotrophoblast 

cells in the placenta into the syncytiotrophoblast multinucleated cell layer that protects the 

fetus from invading immune cells (Mi et al. 2000). Biology often builds in redundancy for 
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essential requirements, so probably there is more than one mechanism to protect the fetus 

from the maternal immune system. 

1.4.4.4.    The endometrium selects the embryo 

Salker et al contend that the endometrium actively selects the embryo (Salker et al. 2010). 

They investigated recurrent pregnancy loss (RPL), defined as three or more consecutive 

miscarriages (Rai and Regan 2006). Salker et al found that if decidualisation is 

malfunctioning, the endometrium may have impaired embryo recognition, which will lead to 

faulty embryo selection (Teklenburg et al. 2010a). For instance, there are ―superfertile‖ 

women, in about 3% of couples, who become pregnant very easily, within three cycles, 

because their endometrium allows poor quality embryos to implant, but due to chromosomal 

abnormalities these embryos miscarry in early pregnancy loss (Salker et al. 2010). In humans, 

there is a high prevalence of chromosomal abnormalities in embryos (Ledbetter 2009; 

Vanneste et al. 2009). 

 

The group performed a human co-culture model experiment with single, hatched embryos 

seeded onto a monolayer of decidualising stromal cells and co-cultured for three days 

(Teklenburg et al. 2010b). There was cross-talk between embryos and decidual cells. Three 

quarters of the embryos were growth-arrested, abnormal embryos and these embryos sent 

different molecular signals (e.g. lower hCG) to the decidual cells than the normal embryos. 

The decidual cells that the abnormal embryos attached to responded by having a lower 

secretion of seven out of fourteen cytokines and growth factors tested compared to the 

secretion from the decidual cells that the normal embryos attached to (Teklenburg et al. 

2010b). So abnormal embryos can trigger a response from appropriately decidualised stromal 

cells, which can reject them, whereas faulty decidualisation might not reject them and the 

pregnancies will probably implant and then miscarry. 
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1.5.    Genes regulating decidualisation  

There are more than one hundred proteins and other molecules associated with the pathways 

of decidualisation (Table 1.1.). 

1.5.1.    Prolactin 

Prolactin has at least three hundred physiological functions in the body (Bole-Feysot et al. 

1998) and prolactin expression in the uterus was first detected in the amnion (Healy et al. 

1977) and subsequently in decidualised endometrial tissue (Maslar and Riddick 1979). 

Prolactin reaches a peak of expression during the secretory phase of the menstrual cycle, and 

is one of the established markers for decidualisation (Tseng et al. 1992). If a pregnancy is 

successful then the expression of prolactin continues to increase to 5-10 times as much as late 

secretory (Maslar et al. 1986). A study reported that prolactin deficient mice, PRL -/-, are 

completely infertile because embryos do not implant (Horseman et al. 1997) and prolactin 

receptor deficient mice, PRLR -/-, also lack embryo implantation (Bole-Feysot et al. 1998). 

In humans, a deficiency of prolactin during the window of implantation can cause 

unexplained infertility in women (Garzia et al. 2004). On the other hand, hyperprolactinemia 

is also a pathology, which can cause anovulation with amenorrhea (Bachelot and Binart 

2007). 

 

Decidual cells express prolactin from an alternative promoter than the promoter in the 

pituitary (Telgmann and Gellersen 1998). Even though prolactin is regulated by a decidual 

cell-specific promoter, the size of this extra-pituitary prolactin, 199 amino acids, 23kDa, is 

the same from decidual cells as it is from the pituitary, with the same chemical and biological 

properties (Huang et al. 1987; Handwerger et al. 1991; Gellersen et al. 1994). The decidual 

prolactin promoter is 5.8kb upstream from the pituitary transcription start site, and has an 
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extra exon, a non-coding exon 1a (Berwaer et al. 1991; Yoshiki et al. 1991; Berwaer et al. 

1994). Because there are no full binding sites for PRA and PRB on the decidual prolactin 

promoter progesterone does not induce prolactin expression directly, however, 

progesterone/medroxyprogesterone does enhance cAMP induced prolactin (Telgmann and 

Gellersen 1998), (it has been reported that testosterone also induces prolactin (Narukawa et 

al. 1994)). Instead, cAMP and sustained PKA induce decidual prolactin through the 

complexes of transcription factors C/EBPβ/FOXO1 and HOXA11/FOXO1 that bind to the 

decidual prolactin promoter (Gellersen et al. 1994; Pohnke et al. 1999; Christian et al. 2002; 

Lynch et al. 2009).  

 

Prolactin has a homology of at least 25% with human growth hormone (hGH) and both are 

members of a polypeptide family with a similar tertiary structure, and both bind the prolactin 

receptor (PRLR) in a one hormone-to-two receptor complex (Kinet et al. 1996; Forsyth and 

Wallis 2002). Although prolactin regulates genes for angiogenesis, and Activin A (Jabbour 

and Critchley 2001; Tessier et al. 2003), prolactin can independently induce decidualisation 

in stromal cells in vitro (Daly 1983; Tabanelli et al. 1992). Decidual cells secrete prolactin as 

an autocrine/paracrine protein (Eyal et al. 2007) into the extra-cellular fluid, for example, 

paracrine prolactin is secreted to the endometrial glands and uNK cells (Handwerger et al. 

1991; Jabbour and Critchley 2001; Dunn et al. 2003). 

1.5.2.    IGFBP1 

IGFBP1 (Insulin-like growth factor binding protein 1) is a major secretory protein during 

decidualisation and, with prolactin, is the other established marker of decidualisation (Bell et 

al. 1991). There are six distinct isoforms of IGFBP, all expressed at various levels in the 

decidual cells, and IGFBP1 is the most abundant in the endometrium (Rutanen 1998; Firth 
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and Baxter 2002). Oh et al claimed to have discovered a seventh IGFBP family member, the 

low-affinity IGFBP7 (IGFBP-rP1) (Oh et al. 1996; Kutsukake et al. 2007). Throughout the 

human body, IGFBP1 is found predominantly in the liver, kidneys, ovaries and decidua (Lee 

1997). In the liver, IGFBP1 protects hepatocytes from stress-induced, p53-mediated 

apoptosis and so enables liver regeneration (Leu and George 2007). Besides the 

estradiol/progesterone/cAMP induction, stress induces IGFBP1 (Marchand et al. 2006) by 

hypoxia, leucine deficiency, malnutrition (Tazuke et al. 1998; Seferovic et al. 2009), 

mechanical stress in decidual cells (Harada et al. 2006) and chronic diseases (Kajimura et al. 

2005). There are widespread roles for IGFBP1 in reproduction, for example in the menstrual 

cycle, at puberty and for fetal growth, but IGFBP1 also has pathological roles in pre-

eclampsia, intrauterine growth restriction, and polycystic ovarian syndrome (Fowler et al. 

2000; Crossey et al. 2002).  

During decidualisation, IGFBP1 notably interacts with the invading extravillous trophoblasts 

(EVT), and regulates the insulin-like growth factors (IGFs) (Giudice et al. 1998). IGFBP1 in 

the endometrium is mainly dephosphorylated in the proliferative phase and phosphorylated in 

the secretory phase (Jones et al. 1993a). Phosphorylated IGFBP1 binds with high affinity to 

IGF-I and particularly to IGF-II and inhibits their actions (Jones et al. 1993b; Han et al. 1996; 

Gibson et al. 2001). If IGFBP1 is dephosphorylated then the affinity for IGF-I reduces by 

six-fold (Jones et al. 1993a). The IGFs are present in stromal and decidual cells and are 

mediators of steroid hormones (Irwin et al. 1993; Rutanen 1998). Estrogen-stimulated IGF-I 

encourages endometrial growth and it is expressed primarily in the proliferative and early 

secretory phases, while IGF-II is expressed by EVTs in the secretory phase and early 

pregnancy (Giudice et al. 1993; Zhou 1994). In IGF-II knockout mice placenta growth is 

impaired, whereas deficiency of either IGF-I or IGF-II causes fetal intrauterine growth 

restriction (Crossey et al. 2002). 
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EVTs express IGF-II to inhibit IGFBP1 and TIMP3, which are secreted from the decidual 

cells to restrain trophoblast invasiveness (Irwin et al. 2001). There appears to be 

contradictory reports that IGFBP1 inhibits the invasion of EVTs (Irwin and Giudice 1998) 

and that IGFBP1 stimulates the migration of EVTs (Gleeson et al. 2001). In both cases, the 

integrin recognition sequence, Arg-Gly-Asp (RGD) on IGFBP1 binds to the α5β1 integrin 

(fibronectin receptor) expressed by invading EVTs (Jones et al. 1993b). Irwin et al show that 

IGFBP1 slows EVT invasion by inhibiting the attachment of EVTs to the α5β1 integrin on 

fibronectin, which is a glycoprotein of the extracellular matrix secreted by decidual cells 

(Irwin and Giudice 1998). On the other hand, Gleeson et al show that IGFBP1 stimulates the 

migration of EVTs by binding with the α5β1 integrin on the EVTs, which activates focal 

adhesion kinase (FAK), that stimulates the mitogen-activated protein kinase (MAPK) 

pathway in the EVTs (Gleeson et al. 2001). IGFBP1 may need at different times to inhibit or 

enhance EVTs. Interestingly, Matsumoto et al reported that IGFBP1, via the α5β1 integrin, 

can independently decidualise stromal cells (Matsumoto et al. 2008). 

1.5.3.    FOXO1 

FOXO1 (forkhead box O1), is a key transcription factor that is critical for the induction of 

decidualisation by regulating many of the decidualisation genes e.g. prolactin and IGFBP1, 

and it protects the decidual cells from oxidative stress, in spiral artery remodelling (Takano et 

al. 2007), and regulates apoptosis, or conversely when progesterone withdraws it allows 

menstruation to proceed (Brosens and Gellersen 2006; Buzzio et al. 2006; Grinius et al. 

2006; Kajihara et al. 2006). cAMP induces FOXO1, STAT5 and C/EBPβ, which interact 

with PRA to decidualise stromal cells (Gellersen and Brosens 2003). FOXO1 and PRA 

transcriptional cross-talk induces prolactin and has been shown to up-regulate IGFBP1, and it 
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probably inhibits the cell cycle of stromal cells at the commencement of decidualisation (Kim 

et al. 2005a). 

1.5.4.    HOXA10 and 11  

HOXA10 and 11 (homeobox 10 and 11) are mediators of estradiol, progesterone and are 

essential for decidualisation (Lu et al. 2008; Lynch et al. 2008). Independently, HOXA11 

represses the prolactin promoter, but in a complex with FOXO1 induces prolactin (Lynch et 

al. 2009). HOXA10 is active during embryonic development and its expression in the 

endometrial stromal and epithelial cells is essential for both decidualisation and before the 

blastocyst can implant into the endometrium (Gui et al. 1999). Progesterone and estrogen 

induce the HOXA10 gene expression through their respective receptors and there is a direct 

relation between the increase of progesterone to the progesterone peak at the mid-secretory 

phase and the parallel rise to the peak expression of HOXA10 (Wu et al. 2005). 

1.5.5.    Extra-cellular matrix proteins 

Interestingly, an extracellular matrix (ECM) is formed that surrounds the decidual cell as a 

peri-cellular rim of proteins, which is unusual for a mesenchymal cell (King 2000). Decidual 

cells secrete proteins, such as fibronectin, laminin and decorin, to form the ECM (Irwin et al. 

1989). Decorin is localised in the ECM of the decidual cells where it binds to transforming 

growth factor (TGFβ1), which controls trophoblast invasion (Lysiak et al. 1995; Xu et al. 

2002). Decorin is a proteoglycan involved in repair of skin tissues and the differentiation of 

stromal cells (Inatani et al. 1999). Laminin is a structural protein located in the cellular 

basement membrane and can selectively regulate prolactin and IGFBP1 (Brar et al. 1995).  
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1.5.5.1.    MMPs and TIMPs 

Extracellular matrix associated proteins comprise of the matrix metallopeptidases (MMPs) 

and tissue inhibitor of MMPs (TIMPs) (Curry and Osteen 2003; Goffin et al. 2003). Decidual 

cells inhibit the invasiveness of the trophoblasts by secreting TIMP1 and TIMP3, small, 

extra-cellular proteins which neutralise the enzyme activity of MMPs, a large and diverse 

family of extra-cellular endopeptidases, that degrade the extracellular matrix, and neutralise 

TGFβ1, the key control of trophoblast invasiveness (Graham and Lala 1992 ; Fluhr et al. 

2008). MMP1, 2, 3 and 9 are active in endometrial stromal cells (Smith 2001).  TIMPs have 

two known functions; TIMPs inhibit MMPs, and TIMPs have a signalling function, 

independent of MMPs (Moore and Crocker 2011).  TIMP3 diminishes the activity of MMP9 

and that reduces ECM degradation, so TIMP3 is important in trophoblast invasion (Higuchi 

et al. 1995; Whiteside et al. 2001).  

 

1.5.6.    Cytokines 

Cytokines are involved in decidualisation, for example, pro-inflammatory IL-1β, IL-8, IL-11 

(Dimitriadis et al. 2002; Menkhorst et al. 2010), and HOXA10 up-regulates IL-11 and IL-15 

(Godbole and Modi 2010). TGFβ1 is a secreted cytokine that inhibits the expression of 

decidualisation markers and is involved in menstruation (Kane et al. 2010). TGFβ1 down-

regulates PR (Kane et al. 2008), prolactin, IGFBP1 and tissue factor (Kane et al. 2010). An 

important cytokine for endometrial epithelial and glandular cells is LIF, yet it is not clear 

whether LIF is involved in human endometrial stromal cells during decidualisation; where it 

possibly regulates IL-6 and IL-15, but the LIF receptor is up-regulated, perhaps for later 

activity in the pregnancy than the earlier decidualisation (Shuya et al. 2011). 
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Activin A is a secretory, dimeric glycoprotein of the transforming growth factor family that is 

an early inducer of decidualisation through up-regulating the MMPs; and modulates 

trophoblast differentiation and adhesion (Jones et al. 2006b). Activin A is also involved in 

inflammation by regulating pro-inflammatory IL-8 and IL-11, and angiogenesis by regulating 

VEGF (Menkhorst et al. 2010; Rocha et al. 2012).  

Follistatin is an inhibitor of activin A receptors and blocks the actions of activin A (Jones et 

al. 2002a; Jones et al. 2002b; Salamonsen et al. 2003). 

1.5.7.    LEFTY2 

Two molecules have been identified that signal the closure of the window of implantation and 

initiate menstrual bleeding; TNF-alpha and LEFTY2 ((EBAF) endometrial bleeding 

associated factor) a member of the TGF-beta superfamily (Tabibzadeh 1998). LEFTY2 is 

abundant both in stem cells, as an inhibitor, and decidual cells as a menstruation inducer, 

which makes it an unusual decidualisation marker as the protein is scarcely expressed during 

the window of implantation (Kothapalli 1997; Brar et al. 2001; Cornet et al. 2002; Kessler et 

al. 2005; Tabibzadeh and Hemmati-Brivanlou 2006). LEFTY2 increases the effect of MMP9, 

which increases the degradation of the ECM (Cornet et al. 2005). If LEFTY2 protein is 

increased during the window of implantation then infertility may result (Tang et al. 2005b). 

Progesterone and estrogen block LEFTY2-induced MMP3/7/9 (Cornet et al. 2005). LEFTY2 

and TGFβ1 are opposing regulators of ECM homeostasis; TGFβ1 increases the synthesis of 

collagen in the ECM and LEFTY2 increases collagenolysis and elastolysis (Tabibzadeh 

2002). When LEFTY is required to be activated, proprotein convertase5/6 cleaves the 

precursor of Lefty into primarily a long form (Tang et al. 2005a). 
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1.5.8.    Microarrays reveal decidual cell gene expression  

The microarrays of four research groups, with at least 10,000 genes each, have produced over 

eight hundred genes that are up- or down-regulated at decidualisation, and included genes for 

integrins, cytokines, growth factors, heat shock proteins, MMPs and the TIMPs, transcription 

factors and lectins (Carson et al. 2002; Kao et al. 2002; Martin et al. 2002; Borthwick et al. 

2003; Giudice 2003; Horcajadas et al. 2004b). With such a bewildering plethora of molecules 

interacting to produce a highly complex system it has taken more than two decades of 

research attempting to discover the potential regulators and markers of decidualisation; and 

there is still further work (Borthwick et al. 2003; White and Salamonsen 2005). How is this 

multitude of genes regulated in transcription and expression?  

 

1.5.9.    The complex system of decidualisation  

Decidualisation may be considered as a complex biological system. In future, systems 

biology will be applied to the decidualisation pathways just as it has been involved with other 

pathways in complex biological systems (Wiley et al. 2003). ―Systems biology is the study of 

the behaviour of complex biological organization and processes in terms of the molecular 

constituents.‖ (Kirschner 2005). Biological systems are complex because there is an inbuilt 

redundancy to provide robustness of function for critical pathways and mechanisms (Stelling 

2007).   

 

To study a complex biological system, firstly, the relationships and interactions between 

participating genes will be mapped onto a structural network of the system, so that we 

understand how the genotype generates the phenotype, secondly, the dynamics of the system 

will be studied taking into account how the system changes over time and with varying 
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concentrations of the biochemicals (i.e. kinetics of chemical reactions), and finally the 

mechanisms that control this non-linear system, such as both positive and negative feedback 

loops, will be determined (Anderson 1999; Kitano 2002). For example, autocrine prolactin 

induced during decidualisation has a negative feedback loop (Eyal et al. 2007). Yet Brosens 

et al state that in decidualisation, prolactin has a positive feedback loop; cAMP activates 

protein kinase A (PKA), in turn activated PKA up-regulates prolactin, which up-regulates 

cAMP, and so on (Brosens et al. 1999). Competing feedback loops are not uncommon in 

biological systems and can be crucial for homeostasis (Busse et al. 2010). Computational 

modelling will be essential for handling this challenging complexity (Wiley et al. 2003). A 

computer can carry out simulated experiments on the models and experimentally testable 

predictions can be made (Kitano 2002). Epigenetic mechanisms will have to be taken into 

account in the complex system of decidualisation.  
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Table 1.1.   Proteins, hormones & molecules associated with decidualisation  

protein name   gene symbol  function     

    reference 
A disintegrin metallopeptidase 5 ADAMTS-5    secreted metallopeptidase, cytokine-mediated degradation of ECM   (Zhu et al. 2007) 

activin A                                INHBA trophoblast invasion, promotes decidualisation, stimulates IL-11       (Jones et al. 2002a) 

AKT1 kinase                 AKT intracellular mediator of cAMP/PKA   (Yoshino et al. 2003b) 

androgen receptor  AR regulates cytoskeletal reorganisation &  cell cycle  (Cloke et al. 2008) 

angiotensinogen  AGT regulates blood flow & vasculature   (Li et al. 2000)  

bone morphogenetic protein2 BMP2 morphogen induces Wnt4, mediates progesterone to induce decidualisation (Li et al. 2007) 

C/EBPβ CCAAT/enhancer bp CEBPB regulates extracellular matrix, laminin   (Christian et al. 2002)  

cadherin 11  CAD11 calcium-dependent cell adhesion    (Chen et al. 1998) 

cannabinoid receptor 1 CNR1  cAMP-associated, encourages apoptosis & inhibits decidualisation    (Kessler et al. 2005)  

CBP/p300, CREB binding protein  CREBBP  HAT, complexes with PR in secretory phase  (Shiozawa et al. 2003) 

corticotropin releasing factor  CRF neuropeptide, mediates  cAMP/PKA, modulates immune & inflammation  (Florio et al. 2003) 

corticotropin releasing hormone  CRH immune reaction to inflammatory component of decidualisation (Kalantaridou et al. 2007) 

COUP1, nuclear receptor 2F1 NR2F1 regulates BMP2 to induce decidualisation   (Kurihara et al. 2007) 

COX2, cyclooxygenase 2  PTGS2 enzyme synthesises prostaglandins for growth & differentiation (Huang and Dawood 1998) 

cyclin B1                    CCNB1 cell cycle regulator of G2/M phase   (Tang et al. 2009) 

cyclin D1    CCND1 cell cycle regulator of G0/G1 phase   (Velarde et al. 2009) 

decorin    DCN helps form ECM, binds to TGFβ to inhibit trophoblast invasion (Xu et al. 2002) 

DEPP    C10orf10 mediates progesterone & AR to activate Elk-1 transcription factor (Watanabe et al. 2005) 

desmin    DES intermediate filament of cytoskeleton, marker of decidualisation (Tabanelli et al. 1992) 

dickkopf 1   DKK1 negative regulator of canonical Wnt signalling  (Tulac et al. 2006) 

endothelin type A receptor EDNRA regulated by HOXA10  to stimulate prostaglandins  (Penna et al. 2010) 

epidermal growth factor EGF  inhibits cAMP-induced decidualisation   (Irwin et al. 1991) 

estrogen    - primes progesterone receptor    (Lydon et al. 1995) 

estrogen receptor alpha                  ESR1         mediates up-regulation of PR                                                        (Critchley and Saunders 2009) 

estrogen receptor beta  ESR2 mediates up-regulation of PR, regulates VEGF?  (Lecce et al. 2001) 

v-ets erythroblastosis virus E26  ETS1 transcription factor enhances PRL, IGFBP1, TIMP3, decorin… (Kessler et al. 2006) 

Fas, TNF receptor 6  FAS apoptosis during secretory phase    (Chatzaki et al. 2003) 

fibronectin1  FN1 perhaps signals onset of decidualisation, cell adhesion  (Kayisli et al. 2005) 

fibulin1    FBLN1 mediates progesterone in ECM and as plasma glycoprotein (Nakamoto et al. 2005) 

FK506 binding protein 4 FKBP4 co-chaperones proteins, enhances PR mediated transcription (Yang et al. 2012) 

follicle stimulating hormone FSH induces cAMP to promote decidualisation   (Tang and Gurpide 1993) 

follistatin     FST inhibitor of Activin A & FSH    (Jones et al. 2002b)  

forkhead  box 01  FOXO1 cross-talks with PRA to induce prolactin, protects against ROS, apoptotic  (Kim et al. 2003) 

galectin 1    LGALS1 immune modulation, anti-inflammatory, chemotaxis, cell adhesion (Von Wolff et al. 2005) 
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ghrelin    GHRL peptide hormone crosstalk between endometrium & embryo (Tanaka et al. 2003) 

GLUT1, glucose transporter 1 SLC2A1 regulates endometrial glucose transport   (Strowitzki et al. 2001) 

glycodelin    PAEP immunosuppressive     (Seppala et al. 2002) 

h chorionic gonadatropin hormone  hCG induces cAMP, prevents degeneration of corpus luteum  (Licht et al. 2001) 

heart & neural crest derivatives 2  HAND2 mediates progesterone, up-regulates IGFBP1 & FOXO1? (Huyen and Bany 2011) 

homeobox A10  HOXA10 essential for receptivity of embryo during window of implantation   (Gui et al. 1999) 

homeobox A11  HOXA11 complexes with FOXO1 to induce prolactin & other decidualisation genes (Taylor et al. 1999b) 

IGF binding protein  IGFBP1 modulates IGFI & II, controls trophoblast invasion  (Bell et al. 1991)  

IGF binding related protein1 IGFBPrP1 cytoplasmic of unknown function    (Kutsukake et al. 2007) 

inhibin    INHB regulates MMPs, inhibits proMMP2, antagonises activin A (Jones et al. 2006b) 

insulin like growth factor I IGF-I mediates estrogen action autocrine/paracrine   (Rutanen 1998) 

insulin like growth factor II IGF-II interacts with IGFBP1, mitogenesis   (Irwin et al. 1993) 

integrin A5  ITGA5 interacts with IGFBP1 on trophoblasts   (Irwin and Giudice 1998) 

integrin B4  ITGB4 fibronectin & laminin are ligands of the integrin  (Kayisli et al. 2005)  

interleukin 1, beta  IL1β stimulates COX2, IL-6, IL-8, MCP1   (Mizuno et al. 1999) 

interleukin 8  IL8 chemo-attractant for neutrofils    (Yoshino et al. 2003a) 

interleukin 11  IL11 mediates cAMP and PGE2, proinflammatory  (Dimitriadis et al. 2005) 

interleukin 15   IL15 modulates uNK & decidualisation   (Godbole and Modi 2010) 

Kruppel-like factor 9  KLF9 progesterone receptor-interacting protein   (Pabona et al. 2012) 

laminin    LAM helps form ECM     (Kayisli et al. 2005) 

LEFTYA, (EBAF)  LEFTY2 stimulates MMP9, initiates menstruation, decidualisation marker (Tabibzadeh 2002) 

leukemia inhibitory factor LIF possibly enhances decidualisation, up-regulates IL-6 & IL-15  (Shuya et al. 2011) 

luteinizing hormone  LH induces cAMP to initiate decidualisation   (Tang and Gurpide 1993) 

luteinizing hormone/CG receptor LHCGR receptor for LH and hCG to activate cAMP and PKA pathway (Reshef et al. 1990) 

matrix metallopeptidase2/3/9 MMP2/3/9   controls connective tissue ECM remodelling, trophoblast invasion   (Curry and Osteen 2003) 

MCP1, chemokine (C-C) ligand2   CCL2 chemo-attractant of macrophages    (Yoshino et al. 2003a) 

MIC-1, macrophage inhibitory  C18orf8 inhibits trophoblast invasion    (Jones et al. 2006d) 

myosin light chain kinase    MYLK (MLCK)  phosphorylates MLC to regulate cytoskeletal reorganisation (Ihnatovych et al. 2007) 

myosin light chain  MLC governs actin-myosin II interactions in cytoskeletal reorganisation  (Ihnatovych et al. 2007) 

notch1    NOTCH1 mediates a survival signal of hCG for endometrium, from embryo (Afshar et al. 2012b)  

NAPDH oxidase  NOX4 regulates CEBPβ, generates superoxide   (Al-Sabbagh et al. 2011) 

NUR77 orphan nuclear receptor  NR4A1 transcription factor co-regulates prolactin   (Jiang et al. 2011) 

oncostatin M  OSM cytokine increases prolactin & COX2   (Ohata et al. 2001) 

osteopontin  SPP1  cytokine immuno-modulator late secretory phase trophoblast invasion (Von Wolff et al. 2004) 

p21    CDKN1A cell cycle regulator at G0/G1 and G2/M phases  (Aghajanova et al. 2010b) 

MAPK, mitogen-activated               MAPK     relaxin signalling pathway  mediator, stimulates VEGF (Zhang 2002)  

p38 MAPK  MAPK14 mediates proinflammatory eg IL-1β signalling  (Yoshino et al. 2003a) 

p53    TP53 role unknown for ―guardian of genome‖   (Pohnke et al. 2004) 

p57    CDKN1C regulates cell cycle     (Qian et al. 2005) 
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poly (rC) binding protein PCBP1 inhibits androgen receptor    (Cloke et al. 2010)  

phospholipase A2  PLA2 mediates phosphatidic acid to induce decidualisation  (Yoon et al. 2007) 

phospholipase D   PLD mediates cAMP to hydrolyse phospholipids into phosphatidic acid    (Yoon et al. 2005)  

plasminogen activator inhibitor SERPINE fast inhibitor of PLAT, the primary fibrinolytic of spiral arteries (Lockwood et al. 1999) 

plasminogen activator, tissue PLAT degrades ECM     (Schatz et al. 1999)  

plasminogen activator, urokinase   PLAU degrades ECM     (Schatz et al. 1999) 

progesterone   - necessary for inducing & maintaining complete decidualisation (Houserman et al. 1989) 

progesterone receptor A PRA predominant PR decidualisation, represses transcription eg PRB (Vegeto et al. 1993) 

prokineticin 1  PROK1 regulates Dickkopf 1      (Macdonald et al. 2011) 

prolactin    PRL decidual marker, autocrine/ paracrine eg to gland cells  (Huang et al. 1987)  

promelocytic leukemia zinc finger  ZBTB16   anti-proliferative & anti-apoptotic   (Fahnenstich et al. 2003) 

proprotein convertase5/6 PCSK5/6 cleaves Lefty precursor into long and short forms  (Okada et al. 2005) 

prostaglandin E2   PGE2 with E2/P4 synergistc enhancer of prolactin induction  (Frank et al. 1994)  

protein kinase 2  PTK2 (FAK) reorganises actin cytoskeleton, cell cycle, migration, apoptosis (Ihnatovych et al. 2007) 

protein kinase A  PRKACA phosphorylates prolactin promoter & induces prolactin   (Tierney et al. 2003) 

parathyroid hormone-like hormone  PTHLH   inhibits decidualisation                 (Sherafat-Kazemzadeh 2011) 

relaxin    RLX induces cAMP & PKA pathway     (Huang et al. 1987) 

renin   REN generates angiotensin-1 from angiotensinogen  (Li et al. 2000) 

 retinoic acid (vitaminA) RA inhibits decidualisation & cAMP activity, increases fibronectin (Brar et al. 1996) 

serum/glucocorticoid reg kinase1 SGK1 phosphorylates & translocates FOXO1 & inhibits prolactin (Feroze-Zaidi et al. 2007)  

signal transducer & activator trans  STAT3/5  transcription factor, signal transduction IL-6 & other cytokines (Herrmann et al. 2004) 

SMAD 2/3   SMAD 2/3    component of TGFβ1 signalling pathway   (Kim et al. 2005b) 

sphingosine-1-phosphate     S1P up-regulates COX2                   (Skaznik-Wikiel et al. 2006) 

SRC-1 steroid receptor coactivator  NCOA1   HAT, kinase signalling for PDGF, EGF, PRL, IGFR, differentiation   (Maruyama et al. 2004)     

stathmin    STMN microtubule regulatory protein inhibits cell cycle & proliferation (Tamura et al. 2007) 

superoxide dismutase 1   SOD protects against reactive oxygen species   (Matsuoka et al. 2010) 

suppressor of cytokine signaling3   SOCS3 initiates decidualisation, negative feedback to cytokine IL-11 (Dimitriadis et al. 2006) 

syndecan 1   SDC1 co-receptor & storage factor for chemokines & angiogenic factors (Baston-Bust et al. 2010) 

tissue factor, coagulation factorIII    F3 primary cellular mediator of hemostasis   (Lockwood et al. 2000) 

tissue inhibitor metallopeptidase3  TIMP3 inhibits MMP9, regulates trophoblast invasion & signalling function   (Vassilev et al. 2005)  

transforming growth factor 1    TGFβ1         pro-apoptotic via FasL/Fas system, menstruation, inhibits decidualisation  (Chatzaki et al. 2003) 

transforming GF beta receptor ½   TGFβR1/2  binds TGFβ1 from epithelial cells   (Kim et al. 2005b) 

tumor necrosis factor alpha    TNF mediator of activin A     (Mangioni et al. 2005) 

twist homolog 1  TWIST1 transcription factor associated with FOXO1 & ETS1, apoptosis? (Schroeder et al. 2011) 

urocortin                    UCN       vasodilator, modulates inflammatory & vasculature changes, induces PRL  (Torricelli et al. 2007) 

vascular endothelial growth factor  VEGF stimulates angiogenesis & vasculogenesis   (Sugino et al. 2002) 

vitamin D receptor  VDR up-regulates HOXA10    (Du et al. 2005) 

Wilms tumor1 WT1 modulates AR, involved in cell cycle & apoptosis   (Gonzalez et al. 2012) 

wingless-type MMTV integration  WNT4/5  P4 mediator of cAMP up-regulation of Mn-SOD anti-apoptosis (non-canonical)  

(Matsuoka et al. 2010) 
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1.6.    Epigenetics 

There are several definitions of ―epigenetics‖ (Holliday 2002; Morange 2002) and the 

complex reality of epigenetics has been seen from the problem of heritability of histone 

modifications (Ptashne 2007), which perhaps has been resolved (Kloc et al. 2008). 

Epigenetics has been defined as, ―the study of mitotically and/or meiotically heritable 

changes in gene function that cannot be explained by changes in DNA sequence‖ (Russo et 

al. 1996); Allis et al defined epigenetics as, "the sum of the alterations to the chromatin 

template that collectively establish and propagate different patterns of gene expression 

(transcription) and silencing from the same genome" (Allis et al. 2007). The recent 

consensus, that I concur with, considered the latest developments in epigenetic mechanisms is 

that, ―An epigenetic trait is a stably heritable phenotype resulting from changes in a 

chromosome without alterations in the DNA sequence‖ (Berger et al. 2009). 

1.6.1.    The role of epigenetics in the genome 

Epigeneticists use a metaphor to describe the role of epigenetics, at first they thought that 

epigenetic mechanisms was an electric power switch that turns genes on or off, but now it is 

commonly thought that epigenetics is like a rheostat, a light dimmer switch that exerts 

variable control (Beaudet and Jiang 2002). 

 

Although the subject of epigenetics has been studied for more than fifty years (in 1948 

methyl cytosine was found in DNA) the discovery over the last few years that DNA 

methylation and histone methylation are linked has re-stimulated interest in epigenetics (Jost 

and Saluz 1993; Freitag and Selker 2005). Before the resurgence of interest in epigenetics, 

the subject of ―genetics‖ had held researchers‘ attention until the completion of the human 

genome project in April 2003 (National Human Genome Research Institute USA. 
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www.genome.gov/11006943), when epigenetics could explain issues that emerged that 

genetics alone could not, such as the interaction between the environment and gene 

expression (Kovalchuk 2008), and that although monozygotic twins share a common 

genotype they are not entirely identical because there is phenotypic discordance in utero and 

as they age (Fraga et al. 2005; Martin 2005). 

 

Epigenetics mainly relates to the remodelling of chromatin by the mechanisms of DNA 

methylation and the histone modifications of histone acetylation and methylation (Figure 

1.5.) (Bird 2002). However, non-protein coding RNA (ncRNA)  is another epigenetic 

mechanism that is increasingly being studied, and includes micro-RNAs (miRNAs) and long 

non-coding RNAs (lncRNAs) (Figure 1.6.) (Mattick et al. 2009).  Epigenetic mechanisms of 

both eukaryotes and prokaryotes control the gene expression with common mechanisms that 

have been conserved since the origin of cellular life, but there are also specific differences to 

suit the requirements of the particular organisms (Goll and Bestor 2005). For example, plants 

and mammals share the need to imprint parental genes and use cytosine methylation of DNA; 

whereas bacteria use DNA methylation in host restriction against viral infection and for 

strand discrimination during mismatch repair, which eukaryotes do not (Goll and Bestor 

2005).   
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Figure 1.5.   Epigenetic mechanisms interacting with chromatin, nucleosomes and DNA 
DNA methylation, histone modification, and RNA-based mechanisms at sites of interaction 

on chromatin. Heterochromatin is repressive for gene expression, euchromatin is permissive 

of gene expression.  

Reprinted from (Yan et al. 2010), free use. 
. 

 

 

Figure 1.6.   Epigenetic mechanisms of DNA methylation, histone modification, and 

RNA-based schematic diagram Ac, acetyl group; CH3, methyl group; mRNA, messenger 

RNA; miRNA, microRNA; RISC, RNA-induced silencing complex 

Reprinted from (Vinken et al. 2009), with permission from Elsevier. 
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1.6.2.    DNA methylation: methylcytosine & CpG Islands 

DNA methylation regulates gene transcription, generally by silencing the gene. The 

methylation of DNA occurs when a methyl group (CH3) is covalently bound to the fifth 

position on a cytosine that precedes a guanine, a CG palindrome, known as a CpG 

dinucleotide, to become methyl cytosine (5mC) (Figure 1.7.) (Bestor 2000). Folate is 

important from the diet for DNA methylation (Crider et al. 2012). Folate in the form of 

methyltetrahydrofolate donates a methyl group to homocysteine that forms methionine and in 

turn becomes S-adenosylmethionine (SAM), the methyl donor for DNA methylation of 

cytosines (Zhang et al. 2005a). Also from the diet, the essential amino acid methionine is a 

precursor that is converted to SAM (Ulrey et al. 2005). 

 

About 1% of DNA bases in humans are 5mC. In the human body the placenta and sperm 

have the least methylated DNA, the brain and thymus have the most methylation (Ehrlich et 

al. 1982). Nearly all 5mC are in about 80% of all the CpG dinucleotides (Ehrlich et al. 1982; 

Freitag and Selker 2005). Conversely, unmethylated CpG dinucleotides at high densities are 

often in short sequence domains (~1kb) of GC-rich ―CpG islands‖ which are usually found in 

humans in 88%  of active gene promoters, in every type of tissue and stage of development 

(Bird 2002; Jaenisch and Bird 2003; Kim et al. 2005c). 72% of promoters have CpG islands 

and a tiny percentage of these are methylated (CpGs mutate less in promoter regions, but are 

removed in the rest of the genome) (Saxonov et al. 2006). There is often a promoter at the 5‘ 

end of the genes (Kim et al. 2005c). If the unmethylated CpG islands at the 5‘ end of the 

genes are methylated then the gene is silenced in the long term (Jaenisch and Bird 2003). 

CpG islands are not always necessary for silencing a gene as just one specific CpG 

dinucleotide methylated in a critical regulatory sequence will be sufficient to silence a gene 

(Rivenbark et al. 2006). 
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Figure 1.7.   Conversion of cytosine to 5-methylcytosine to 5-hydroxymethylcytosine 
Cytosine exists as a free nucleotide that is incorporated into DNA during replication. 5-

methylcytosine (5mC) is formed by post-replicative addition of a methyl group to cytosine 

through the action of DNA methyltransferases (DNMT), which use S-adenosyl methionine 

(SAM) as methyl donor. 5-hydroxymethylcytosine (5hmC) is formed through the action of 

TET proteins, which utilize molecular oxygen to transfer a hydroxyl group to 5mC. 

Reprinted from (Dahl et al. 2011), with permission from Elsevier. 

 

DNA methylation inhibits gene expression by at least three different functions; the binding of 

transcription factors (Watt and Molloy 1988),  attracting methyl binding domain proteins 

(MBD) (Figure 1.8.) (Boyes and Bird 1991), and altering chromatin packaging (Ng and Bird 

1999). There are a few instances when instead of repressing transcription, DNA methylation 

activates transcription, but how this is achieved is still unknown, but release of inhibitors is 

most likely (Gellersen and Kempf 1990; Niesen et al. 2005). For example, non-promoter 

DNA methylation enhances gene expression by maintaining active chromatin states at 

developmental genes (Wu et al. 2010). Differentiation of cells is associated with both DNA 

methylation and demethylation (Shiota 2004). 

1.6.2.1.    CpG shores 

Contrary to the accepted belief, DNA methylation regulates genes, not in the CpG islands 

inside the promoters of the genes but by regulation of differentially methylated regions 

(DMR) in CpG island shores, regions of CpGs of lower density up to 2kb away from the CpG 

islands of the genes (Irizarry et al. 2009; Pollard et al. 2009). Only 6% of differentially 
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methylated regions are in CpG islands and 76% are in CpG shores (Irizarry et al. 2009). 

Regulation by DNA methylation is tissue specific by the tissue-specific DMRs (tDMR) 

(Rakyan et al. 2008). DNA methylation represses/activates at site-specific tDMR. 

Differentially methylated regions regulate gene expression specific to tissue type and can be 

used to distinguish between tissue types, or between normal cells and cancer; for example, 

the reprogrammed methylation profile of induced pluripotent stem cells is distinctive in DMR 

compared to their parental fibroblasts (Doi et al. 2009).  

 

Figure 1.8.   Regulation of DNA methylation and demethylation regulation of gene 

expression. (A) In mammalian cells, DNA is methylated at CpG islands. After replication, 

the DNA is initially hemimethylated. DNA methylation is maintained by DNMT1, while de 

novo methylation is performed by DNMT3A and DNMT3B. (B) Two mechanisms for DNA 

demethylation are suggested: passive and active demethylation with an active DNA 

demethylase. (C) Mechanisms for DNA methylation-mediated transcriptional gene silencing 

include one in which DNA methylation prevents binding of transcription activators and a 

second mechanism in which DNA methylation leads to recruitment of co-repressor 

complexes that result in transcriptional repression. 

Reprinted from (Muthusamy et al. 2010), with permission from Elsevier. 
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1.6.2.2.    5-hydroxy-methylcytosine (5hmC) 

5-hydroxymethylcytosine (5hmC) occurs highly in the brain, where it was first discovered, 

but now 5hmC is found throughout the genome (Kriaucionis and Heintz 2009; Jin et al. 

2011). 5hmC is often in enhancer binding positions and gene bodies (Stroud et al. 2011). The 

TET family of dioxygenases (TET1-3) catalyse the oxidation of 5mC, converting it to 5hmC, 

i.e. a –OH group is bound to the –CH3 group on 5mC (Figure 1.7.) (Tahiliani et al. 2009; Ito 

et al. 2010; Ku et al. 2011). At first the established bisulphite sequencing assay could not 

distinguish between 5mC and 5hmC (Jin et al. 2011). This problem led to a new bisulphite 

method of detecting and distinguishing between 5mC and 5hmC that covers the whole 

genome at single base pair resolution (Yu et al. 2012). There is concern that methylation data 

collected in the past may have to be re-examined because at that time 5hmC was not 

distinguished from 5mC and there could be quite separate functions for the two (Dahl et al. 

2011). 

1.6.3.    DNA methyltransferases: DNMT1, 3A & 3B 

The methylation of mammalian DNA is catalysed by DNA methyltransferase enzymes 

(DNMT) consisting of the three main functional types of DNMT; DNMT1, DNMT3A, and 

DNMT3B (Figure 1.9.) (Denis et al. 2011). The DNMTs transfer methyl groups on the 

carboxy-terminal catalytic domain, from the methyl donor SAM and bind the methyl groups 

to cytosines in CpGs (Momparler 1985; Detich et al. 2003). DNMT1 is the most abundant 

DNMT and is recognised as the maintenance methyltransferase. DNMT1 methylates the 

DNA of hemimethylated CpG dinucleotides during DNA replication to maintain the 

methylation pattern, although it may have some de novo methylation activity as well (Figure 

1.8.) (Goll and Bestor 2005). DNMT3A and DNMT3B are necessary for de novo 

methylation, primarily in early embryonic development with each having separate functions 
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(Hsieh 1999; Okano et al. 1999; Takeshima et al. 2006). DNMT3A predominantly 

establishes maternal genomic imprinting (Hata et al. 2002; Kaneda et al. 2004). DNMT3B 

methylates satellite repeats around centromeres (Okano et al. 1999). Mutations in DNMT3B 

causes the human ICF genetic disorder (immunodeficiency, centromere instability, facial 

anomalies), which is characterised as facial abnormalities and mental retardation (Jin et al. 

2008). The DNMTs have isoforms i.e. three isoforms of DNMT1 (DNMT1o is active only in 

the oocyte), two of DNMT3A and nine of DNMT3B (Mertineit et al. 1998; Robertson 1999; 

Choi et al. 2010).  

 

Figure 1.9.   Human DNMT1, DNMT3A, DNMT3B and DNMT3L structures  
Domains are highlighted.  

Reprinted by permission from Macmillan Publishers Ltd: EMBO Report (Denis et al. 2011), 

copyright 2011.  
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1.6.3.1.    DNMT3L and DNMT2 (TRDMT1) 

There are other DNMTs such as DMNT3L (a member of the DNMT3 family) and DNMT2 

(Suetake et al. 2004; Freitag and Selker 2005; Klose and Bird 2006). Although DNMT3L is 

related in sequence to DNMT3A and DNMT3B it has no catalytic enzymatic function so it 

cannot act as a methyltransferase (Figure 1.9.) (Hata et al. 2002). An in vitro study found that 

DMNT3L enhanced the methylation activity of DNMT3A and DNMT 3B when it binds and 

interacts in a complex with them (Suetake et al. 2004). As well as activating DNMTs, 

DNMT3L specifically binds with the unmethylated lysine 4 of histone H3 (Jia et al. 2007; 

Ooi et al. 2007). In mice it was found that DMNT3L is active during de novo methylation of 

germ cells in zygotes; and particularly in the male testes it is perhaps essential for de novo 

methylation of dispersed repeated sequences and transposons before the male genome 

undergoes meiosis (Bourc'his and Bestor 2004). In oocytes, DNMT3L is necessary for 

establishing the imprints of the maternally imprinted genes (Hata et al. 2002).  

 

DNMT2 has been officially renamed TRDMT1 (tRNA aspartic acid methyltransferase 1) 

(www.genecards.org). Even though TRDMT1 has all the features of a methyltransferase it 

has no obvious DNA methylation ability; and this lack of methyltransferase ability means 

TRDMT1-null mice after seven generations are normal for phenotype  and genomic 

methylation patterns (Goll and Bestor 2005). Bestor suggested that TRDMT1 may be 

involved in centromere function  and it is considered now to be a tRNA methyltransferase 

(Bestor 2000; Schaefer et al. 2010).  
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1.6.4.    The roles of DNA methylation 

The main function of DNA methylation in humans is to stabilise the genome by gene 

silencing and this applies to most eukaryotes and prokaryotes (Klose and Bird 2006). DNA 

methylation has a vital role to silence genes in X chromosome inactivation (Jaenisch 1998), 

in parental imprinting (Bartolomei and Tilghman 1997), to regulate genes for cell 

differentiation, to control embryonic development (Li 2002), and to protect against the 

parasitic transposons, repetitive sequences and the huge retroviral DNA load accumulation 

(Okano et al. 1999). However, not all retroviral DNA is irrelevant or harmful to the human 

genome. The human endogenous, retroviral, envelope gene ERVW-1, transcribes to syncytin, 

a fusogenic glycoprotein essential for trophoblast differentiation and fusion into the 

syncytium of the placenta (Blond et al. 2000; Mi et al. 2000; Knerr et al. 2004). Syncytin 

expression is regulated by DNA methylation, so that in the human body it is exclusively 

expressed in placenta morphogenesis, and lower expression in the testis (Mi et al. 2000; 

Matousková et al. 2006), otherwise aberrant expression of syncytin outside the placenta has 

been linked to multiple sclerosis (Mattson and Taub 2004). 

 

1.6.4.1.    DNA methylation and embryonic development 

DNA methylation plays a pivotal role in the development of the embryo from fertilisation to 

post-implantation (Wrenzycki et al. 2005; Wu and Zhang 2010). In humans there are over 

400 different cell types, each cell type with the same genetic ―blueprint‖ (Vickaryous and 

Hall 2006). Epigenetic regulation of stem and precursor cells ensures the differentiation into 

each specific cell type and then to maintain that cell type; DNA methylation ensures the 

―cellular memory‖ of the pattern of gene expression (Levenson et al. 2006; Gan et al. 2007). 
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The embryonic developmental pathways need to be protected from disruption from 

environmental and genetic changes (Horsthemke and Ludwig 2005).  

 

There is global demethylation of the pre-implantation embryo between the eight cell stage 

and the blastocyst stage, and then starting at implantation there is rapid de novo global 

remethylation (Monk 1995; Wu and Zhang 2010; Seisenberger et al. 2013). The de novo 

methylation is most active during fertilisation and early development whereas in somatic cells 

it is very slow (Bird 2002). During this developmental period both parental imprinting and 

the X chromosome in females require one of two alleles in a small number of genes to be 

silenced. There are currently at least two hundred imprinted genes known (Luedi et al. 2007). 

Imprinted genes are marked by DNA methylation differently in the germ line for male and 

female and generally these genes are involved in embryonic development and growth (Reik 

and Walter 2001), for example nine of the HOX genes are imprinted (Luedi et al. 2007). The 

majority of methylation imprints are maternal, i.e. formed in oocytes (Reik and Dean 2001). 

1.6.4.2.    DNA methylation protects the genome  

In the human genome, there is a vast amount of transposons (>40% of genome (Smit 1999)) 

and retroviral accumulation that needs to be silenced (Bestor 2000). Bird thought that our 

genome has developed silencing of transposons to protect it from the ―transcriptional noise‖ 

that could be created by transposable element-derived promoters if they were not heavily 

methylated (Bird 2002). Yoder et al explained that as well as the effect of the powerful 

transposon promoters, transposons are repressed to prevent the mutational damage of 

transposon insertion into DNA sequences, or recombination (Yoder et al. 1997). But Bird 

pointed out that mutations from transposons are almost nil in hypomethylated cancer cells 

(Bird 2002). Yoder stated that in the human genome DNA methylation silences the promoters 

of the majority of transposons and viral genes and that most of the 5mC in the genome is 
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within transposons (Yoder et al. 1997). Global hypomethylation leads to genomic instability 

(Jones and Baylin 2007). DNA methylation by DNMT1 silences the transposons (Goll and 

Bestor 2005) and eventually mutations by deamination of the 5mCs (removal of NH3) in a 

―cytosine to thymine‖ transition destroy numerous transposons (Duncan 1980).  

1.6.5.    Active demethylation of DNA 

Active demethylation of DNA seems to be rare in nature (Freitag and Selker 2005). No 

confirmed DNA demethylase has yet been found in animals but a DNA demethylase has been 

found in plants (Arabidopsis) that is a glycosylase/lyase, which has a base excision repair 

mechanism that cuts out the 5mC base and replaces it with an unmethylated cytosine (Kapoor 

et al. 2005; Gehring et al. 2009). Another mechanism, from a mammalian cancer cell line, is 

the cleavage of the methyl group from the 5
th

 position of 5mC, which is released as methanol, 

leaving an unmethylated cytosine (Mills 2002). Controversy over candidate mechanisms for 

active demethylation in humans has been going on for the last twenty years (Razin et al. 

1986; Bhattacharya et al. 1999; Cedar and Verdine 1999; Ng et al. 1999; Ooi and Bestor 

2008). 

 

1.6.5.1.    Rapid demethylation 

Yamagata et al contend that DNA methylation /demethylation has a continuously rapid 

turnover (Yamagata et al. 2012). A recent finding raised a fundamental question of how 

demethylation can occur rapidly in adult human cells. Two groups discovered transient cycles 

of one hundred minutes of DNA methylation and demethylation for the trefoil factor 1 

(TFF1/pS2) and ERα gene promoters when responding to estrogen (Kangaspeska et al. 2008; 

Metivier et al. 2008). Such rapid demethylation and methylation in humans had only been 

seen in the male pronucleus of the zygote in the first week of embryonic development (Kafri 
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et al. 1993; Mayer et al. 2000; Oswald et al. 2000). Although both groups reported on the 

activity of the DNA mismatch repair thymine-DNA glycosylase (TDG), surprisingly they 

claimed that DNMT3A and DNMT3B were responsible for the rapid demethylation by 

deaminating 5mCs. According to the two groups, DNMT3A and DNMT3B had a dual role of 

methylating and demethylating 5mCs, whereas DNMT1 only methylated 5mCs (Metivier et 

al. 2008). The problem with their conjectured mechanism was that it would be too slow (Ooi 

and Bestor 2008).  

One promising mechanism that could explain rapid, active DNA demethylation is that the 

TET proteins oxidise 5mC to 5hmC (Figure 1.7.) and in turn TET oxidises 5hmC to 5-

carboxylcytosine (5caC) (Ito et al. 2010; Yu et al. 2012).  In the final step, TDG excises the 

5caC to leave the cytosine  unmethylated (He et al. 2011). TDG is not the only base excision 

repair enzyme, several other DNA mismatch glycosylases are also active in DNA 

demethylation at specific gene promoters (Figure 1.10.) (Ma et al. 2012). Another possible 

alternative mechanism involving base excision repair is the deamination of 5mC by 

activation-induced deaminase (AID) to generate thymine (T), which is converted to 

unmethylated cytosine by methyl-CpG-binding protein 4 (MBD4) (Wu and Zhang 2010; 

Cortellino et al. 2011; Teperek-Tkacz et al. 2011). Of course, it is possible that there are 

several mechanisms for demethylating human DNA and they have separate roles at specific 

times or tissues (Seisenberger et al. 2013). 
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Figure 1.10.   Pathways for removal of DNA methylation. Cytosine (C) is methylated at 

the 5′ carbon position by DNMT enzymes to generate 5-methylcytosine (5mC). This can be 

lost passively owing to a lack of maintenance at DNA replication (dashed line), or actively 

processed by enzymatic activity. 5mC can be deaminated to thymine (T) by the 

AID/APOBEC deaminases (blue), or oxidized to 5-hydroxymethylcytosine (5hmC) by the 

TET enzyme family (brown). 5hmC itself may be deaminated to 5-hydroxymethyluracil 

(5hmC), or further oxidized by TET activity to 5-formylcytosine (5fC) and 5-

carboxylcytosine (5caC). The T, 5hmU, 5fC and 5caC derivatives can be excised by 

glycosylases (beige) such as TDG, single strand-selective monofunctional uracil DNA 

glycosylase 1 (SMUG1) and methyl-CpG-binding domain protein 4 (MBD4) to initiate the 

base excision repair pathway (BER) resulting in their replacement with unmodified C. 

Alternatively, 5fC and 5caC can be lost passively through lack of maintenance; 5caC may 

also be converted to C by a decarboxylation reaction. For clarity, demethylation catalysed by 

the elongator complex is not shown.  

Reprinted from (Seisenberger et al. 2013) under Creative Commons permission 

http://creativecommons.org/licenses/by/3.0/ 

 

1.6.5.2.    DNA methylation inhibitor: 5-aza-2’-deoxycytidine  

In cultured cell-lines methylated genes can be passively demethylated by the DNA 

methylation inhibitor 5-aza-2‘-deoxycytidine (AZA) (Figure 1.11.), the standard reagent for 

this purpose for more than thirty years, and since then it has been an epigenetic-targetted drug 

treatment for leukemia (Jones and Taylor 1980; Momparler 1985; Goffin and Eisenhauer 

http://creativecommons.org/licenses/by/3.0/
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2002). AZA incorporates into newly replicated DNA strands and covalently binds to DNMTs 

preventing them from methylating cytosines (Figure 1.12.) (Jones and Taylor 1980; Russo et 

al. 1996; Jaenisch and Bird 2003; Oki et al. 2007). In order to inhibit methylation AZA not 

only traps DNMT1 but also triggers proteasomal degradation of free DNMT1, which 

prevents methylation of hemi-methylated DNA (Ghoshal et al. 2005; Patel et al. 2010). 

Although AZA depletes free DNMT1 in 6 hours, several cycles of chromosome replication 

are necessary before AZA fully demethylates the DNA (Patel et al. 2010). It was found from 

only cancer cell-lines that AZA treatment leads to DNA double-strand break damage and 

induces the p53 damage response pathway (Karpf et al. 2001; Zhu et al. 2004; Palii et al. 

2008).  

 

Figure 1.11.   Structure of 5-aza-2’-deoxycytidine (AZA)   

Reprinted from (Oki et al. 2007), with permission from Elsevier. 

 

However, the molecular mechanisms of AZA are not straightforward. Demethylating silenced 

genes generally re-expresses them, but the genes AZA re-expresses are probably only for a 

limited percentage of tissue-specific genes that have the necessary transcriptional activators, 

and often includes genes for cell proliferation, cytokine signalling, and cytoskeletal keratins 

and vimentin (Karpf et al. 2004; Arai et al. 2006). Interestingly, AZA can demethylate non-

proliferating cells, such as neurons (Levenson et al. 2006; Poulter et al. 2008). 
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Figure 1.12.   Mechanisms of DNMT inhibition Decitabine is a pharmaceutical name for 5-

aza-2‘-deoxycytidine (AZA). Normally DNMT forms a covalent bond with the cytosine ring 

and transfers a methyl group from S-adenosylmethionine to a cytosine ring. Release of 

DNMT from cytosine is dependent on the addition of the methyl group. When decitabine 

(AZA) is incorporated into DNA, DNMT forms a covalent bond with the decitabine ring, but 

the N group at 5′ position prohibits the addition of the methyl group, thereby preventing 

methylation and covalently trapping DNMT. 

Reprinted from (Oki et al. 2007), with permission from Elsevier. 

 

1.6.6.    Histone modification and chromatin 

Chromatin is the packaging of the approximately two metre length of DNA in each cell so 

that it can be stored in a condensed state as chromosomes (Alberts 2002). The DNA is wound 

around nucleosomes, a core of histone proteins, and the collection of nucleosomes that makes 

up chromatin looks like ―beads on a string‖ (Figure 1.5.). A core of eight histones makes up a 

nucleosome with 146 base pairs of DNA wound around each nucleosome. Every nucleosome 

has two histones each of H2A, H2B, H3, and H4. (H1 is the linker histone which secures the 

DNA to the nucleosomes) (Luger 2003).  

 

Histones are not just structural proteins, they can be modified post-translationally on the N-

terminus of the long tail to alter the chromatin structure and thereby epigenetically regulate 
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gene expression. The core histones can be altered by acetylation, methylation, 

phosphorylation, glycosylation, sumoylation, carbonylation, biotinylation, ADP ribosylation 

and ubiquination (Zhang and Reinberg 2001). The primary modification of histones is 

achieved by histone acetyltransferases (HAT), histone deacetylases (HDAC) and histone 

methyltransferases (HMT). Histones are now known to have a demethylase (Kapoor et al. 

2005; Lee et al. 2007). The combined or sequential interaction of the many modifications of 

histones is now being referred to as the ―histone code‖ with an encoded ‗language‘ that can 

be deciphered by other proteins and complexes (Strahl and Allis 2000; Margueron et al. 

2005). There are many specific marks on the histones, and there are more modifiable amino 

acids on the histone tails being discovered and these generate considerable complexity in the 

dynamic epigenetic system that regulates gene expression (Strahl and Allis 2000; Berger 

2007). (Note: not all histone modification is epigenetic (Berger et al. 2009).) 

 

Chromatin exists in two states; heterochromatin, the transcriptionally inactive state that has 

condensed nucleosomes; and euchromatin, the active state that has the nucleosomes opened 

up ready for the DNA to be transcribed (Figure 1.5.) (Zhang and Reinberg 2001). Generally 

acetylated histones are transcriptionally active and deacetylated histones are inactive, 

whereas methylated histones are transcriptionally inactive (Clayton et al. 2006). Reik 

contended that histone modification is flexible and for short term gene regulation, especially 

in pluripotent stem cells during embryonic/fetal development, whereas DNA methylation is 

generally required for long term gene and transposon silencing (Reik 2007). 

.  
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1.6.7.    Histone modification and DNA methylation remodels 

chromatin  

There is an interdependence between histone modification and DNA methylation that 

cooperates in chromatin remodelling to either silence gene transcription or to activate it (Fuks 

et al. 2003; Jaenisch and Bird 2003). Methylated DNA is recognized by methyl-CpG-binding 

proteins (methyl binding domain of MeCP2, isoforms MBD1-4) that specifically bind to the 

methylated DNA (Ng and Bird 1999). In turn these methyl binding proteins recruit histone 

deacetylases (HDACs) that modify active chromatin, euchromatin, to become 

heterochromatin and repress gene transcription.  

 

DNMT1 can affect DNA replication and repress gene transcription by methylation-dependent 

and independent mechanisms, for example, by binding HDACs and transcription factors, 

such as p53 (Szyf 2001; Esteve et al. 2005). An example of the interaction between DNA 

methylation and histone modification is the regulation of the LH receptor. Zhang et al 

demonstrated this interaction by treating JAR and MCF7 cell-lines with the histone 

deacetylase inhibitor TSA and AZA, separately and in combination (Zhang et al. 2005b). The 

most effective combination for completely demethylating the promoter and achieving 

maximal LHR gene expression was TSA and AZA.  

1.6.8.    Non-protein coding RNAs: another epigenetic mechanism  

Besides DNA methylation and histone modification, there is another means of silencing a 

specific gene in human cells; non-protein coding RNA, i.e. the targeting of the CpG islands 

of a gene promoter with short interfering RNAs (siRNA) of 21 to 25 nucleotides (Kawasaki 

and Taira 2004; Morris et al. 2004; Mattick et al. 2009). Gene silencing by siRNAs that 

target promoters and cause DNA methylation was first observed in plants as a defence against 
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viruses and transposons (Waterhouse et al. 2001). Volpe et al found in yeast that siRNA 

regulates histone modification and protected the genome against transposons (Volpe et al. 

2002). The siRNAs induce DNA methylation and histone H3 methylation, so long as both 

DNMT1 and DNMT3B are expressed (Kawasaki and Taira 2004). If AZA and TSA are used 

in combination and suppress both DNMT1 and DNMT3B then the gene expression is 

restored (Morris et al. 2004). The siRNAs only silence the gene if the siRNAs gain access 

inside the nucleus but how this is achieved is unknown (siRNAs are located in the cytoplasm; 

and transfected short hairpin RNAs and microRNAs are exported out of the nucleus into the 

cytoplasm (Yi et al. 2003)) (Morris et al. 2004).  

 

There is increasing interest in microRNAs (miRNAs), which are approximately 22 nucleotide 

non-protein coding RNA that control gene expression by repressing the translation, degrading 

mRNA by binding to the mRNA, also known as RNA interference (Figure 1.6.) (Esteller 

2008). miRNAs regulate gene expression of decidualisation in the endometrium and aberrant 

expression of miRNAs is observed in endometriosis (Pan et al. 2007; Toloubeydokhti et al. 

2008; Lessey 2010; Estella et al. 2012b). DNA methylation can silence miRNAs while DNA 

demethylation and histone acetylation can activate miRNAs (Saito et al. 2005). Conversely 

miRNAs can cause epigenetic changes (Pan et al. 2007; Toloubeydokhti et al. 2008).  

 

There is recent interest in another group of non-protein coding RNAs, the large intergenic 

non-coding RNAs (lincRNAs) and currently there are more than 8000 lincRNAs catalogued 

(Cabili et al. 2011). 
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1.6.9.    Environmental effects on epigenetic mechanisms and the 

epigenome 

The environmental impact on the genome is mediated by epigenetics. Factors from the 

environment, such as chemical, nutritional and physical factors, as well as viral infection, 

biological and social stress, are capable of reshaping an epigenome (Jaenisch and Bird 2003; 

Dolinoy et al. 2007b). The effect of the environment on the epigenome can be seen from the 

lifelong phenotypic differences in monozygotic twins, such as intelligence, disease 

susceptibility, and schizophrenia, that genotype cannot explain but which the epigenotype, 

the DNA methylation pattern on certain genes, can explain (Fraga et al. 2005; Whitelaw and 

Whitelaw 2006; Duman and Newton 2007; Ptak and Petronis 2008). A survey of eighty 

monozygotic twins found that epigenetic differences, of both DNA methylation and histone 

acetylation, throughout the genome increase as twins age and if the twins had lived apart 

more and/or had different lifestyles then there was a corresponding wider difference in 

epigenetic profiles (Fraga et al. 2005).   

 

There seems to be a conflict here between this twin study and the finding that DNA 

methylation is remarkably stable. In a conflicting study the DNA methylation patterns of 873 

genes on three chromosomes were compared between mid-twenty year olds and mid-sixty 

year olds and no significant variation was found (Eckhardt et al. 2006). The twin study was 

more thorough. The epigenetic data that formed the conclusion from the twin study was 

gathered from lymphocytes, and three other tissue types were also examined; and all the 

chromosomes were examined for differentially methylated sequences for global variation as 

well as CpG islands in promoter regions of single-copy genes (Fraga et al. 2005). Internal 

and external factors may explain epigenetic differences. Internal factors contribute to 

―epigenetic drift‖, the change in epigenetic patterns over time (Bjornsson et al. 2004). 
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However, in certain tissues, somatic cells accumulate methylation on CpG islands very 

slowly during aging (Bird 2002). Recently, epigenetic mechanisms have been implicated as a 

major factor in the pathologies of aging, especially for cancer (Gonzalo 2010; Bell et al. 

2012).  Some examples of the genes prone to hypermethylation during aging are ER, IGF-II, 

p14
ARF

, p16
ink4a

, and E-cadherin (Gonzalo 2010). Ongoing, extensive large scale twin studies 

are being conducted to correlate epigenetic modifications in a wide range of diseases and 

environmental effects (Bell and Spector 2011). 

1.6.10.    Epimutations cause disease 

Sometimes alterations in DNA methylation can harm us (Feinberg 2007). Faulty epigenetics 

(epimutations) can expose hidden genetic variation and cause diseases, such as mental 

retardation, cardiovascular disease, and cancer (Horsthemke and Ludwig 2005; Gluckman 

2008). Cancer is now considered to be an epigenetic disease (Esteller and Herman 2002) and 

cancer epigenetics is a research subject (Feinberg and Tycko 2004; Laird 2005; Clark 2007; 

Shames et al. 2007). If an oncogene is hypomethylated or a tumour suppressor gene is 

hypermethylated then that can be a major step towards oncogenesis (Sasaki et al. 2001a). 

Indeed, it has been asserted that virtually every step in tumour progression is affected by 

epigenetics (Jones and Baylin 2002). The fact that tumour suppressor gene promoters can be 

hypermethylated amidst global hypomethylation throughout the genome (and oncogene 

promoters hypomethylated) raises the question of how this occurs in cancer (Shames et al. 

2007). In colon tumour cells in mice it was found that it is the over-expression of DNMT3b, 

and not DNMT3a, that targets specific tumour suppressor genes for methylation and result in 

a loss of transcription  (Rhee et al. 2002; Linhart et al. 2007). Concomitantly, DNMT3b 

causes the loss of imprinting, resulting in the upregulation of imprinted genes such as igf2 

(Linhart et al. 2007). 
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1.6.10.1.    Aberrant DNA methylation in endometriosis 

DNA methylation regulates endometriotic tissue and so it is thought that there could be an 

epigenetic component to endometriosis (Wu et al. 2007; Xue et al. 2007; Guo 2009; Van 

Kaam et al. 2011; Zelenko et al. 2012). Endometriosis occurs when endometrial glands and 

stromal cells establish outside the normal location in the uterus, mainly in the pelvic 

peritoneum, as well as on the ovaries and in the rectovaginal septum (Giudice and Kao 2004). 

The benign malignancy of endometriosis is considered to be similar to metastatic cancer 

(Martini et al. 2002) and recently it has been suggested that stem cells initiate endometriosis 

(Gargett et al. 2009; Gargett and Masuda 2010; Maruyama et al. 2010; Zhou et al. 2011). 

From studies Wu et al conducted on endometriosis, they showed that epigenetic regulation 

through the mechanism of DNA methylation exists in endometriosis (Wu et al. 2005; Wu et 

al. 2007). All three DNMTs are up-regulated in ectopic, endometriotic, epithelial cells, 

moreover DNMT1 is significantly up-regulated in eutopic, endometriotic, epithelial cells 

compared to normal, healthy endometrial cells (Wu et al. 2007). As a result of aberrant DNA 

methylation, the progesterone receptor, PRB, is hypermethylated and inhibited in 

endometriosis (Wu et al. 2006) and in endometrial cancer (Sasaki et al. 2001a). Wu et al 

found that promoter hypermethylation down-regulates the expression of the HOXA10 gene in 

patients with endometriosis compared with women without endometriosis (Wu et al. 2005). 

Endometriotic patients do not have the rise of HOXA10 at the mid-secretory phase (Gui et al. 

1999; Taylor et al. 1999a).  

 

Endometriosis is a chronic, estrogen-dependent condition (Giudice and Kao 2004), in which 

the cyclic variations of estrogen and progesterone do not up-regulate HOXA10 expression 

during the secretory phase and this led Wu et al to consider whether endometriosis could be 

epigenetically controlled (Wu et al. 2005). DNA methylation of HOXA10 promoters is 
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possible because the HOXA10 gene has several CpG islands upstream of exon 1 (Wu et al. 

2005; Szczepariska et al. 2010). To detect 5mCs bisulphite sequencing was used, which 

deaminates unmethylated cytosines to uracil, leaving the methylated cytosines untouched, 

followed by PCR and DNA sequencing (Mills 2002). Bisulphite sequencing demonstrated 

that the HOXA10 gene was hypermethylated in endometriotic patients and this explained 

their lack of expression of HOXA10 (Wu et al. 2005; Szczepariska et al. 2010). 

 

The cause of hypermethylation of HOXA10 in endometriosis is still uncertain but it could be 

environmental, such as diet, and there are similarities to cancer (Jaenisch and Bird 2003; Wu 

et al. 2005; Szczepanska et al. 2011). It is known that the incidence of endometriosis 

increases with age and that de novo methylation of some genes in certain tissues increases 

slowly as people grow older, so it is likely that increasing age increases the possible 

methylation of HOXA10 in the endometrium and that contributes to endometriosis (Bird 

2002; Wu et al. 2005).  

1.6.11.     Diet alters DNA methylation 

Environmental disturbances to the DNA methylation pattern, such as our consumption of 

food and drink and what we breathe affect imprinted genes more than other genes because 

they express only a single allele (from one parent) so the genes are susceptible to and have 

been linked to diseases such as cancer, bipolar disorder, and autism (Jirtle and Skinner 2007; 

Luedi et al. 2007). For example, global hypomethylation leads to the loss of imprinting in 

cancer (Esteller and Herman 2002). 

Diet can affect epigenetic mechanisms, and in this relation, folate is the most widely studied 

dietary supplement (Crider et al. 2012). Chronic ingestion of arsenic from drinking water has 

been dose-dependently linked with increased DNA methylation in peripheral blood 
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leukocytes of adult Bangladeshis, provided they had sufficient folate status (Pilsner et al. 

2007). Folic acid is given as a dietary supplement to women to protect fetuses against neural 

tube defects. In the United States grain products must be fortified with folic acid and a study 

found an increase of DNMT1 in cervical epithelium samples compared with archived 

samples from before the time of mandatory fortification (Piyathilake et al. 2008).  

 

Bisphenol A (BPA), an endocrine disruptor, is used to make polycarbonate plastic. Pregnant 

Agouti mice were exposed to BPA and in several examined genes there was a reduction in 

the DNA methylation, including a transposon near the agouti gene that in turn increased the 

numbers of yellow-coated offspring (Dolinoy et al. 2007a). Feeding the mothers with folate 

or genistein, a phytoestrogen, protected the offspring against hypomethylation by BPA 

(Dolinoy et al. 2007a). Dietary supplements, such as genistein and lycopene, may protect 

against cancer. Genistein, from soy beans, and lycopene, from tomatoes, can be added as 

dietary supplements that alter epigenetic mechanisms (Kovalchuk 2008). Treatments of 

genistein and lycopene were each given to a cancer cell-line and both partially demethylated 

the promoter and upregulated a tumour suppressor gene (GSTP1)  (Kovalchuk 2008).  

1.6.12.    Transgenerational epigenetic inheritance 

The environment can influence the epigenome and this can be heritable to the next and future 

generations, termed transgenerational epigenetic inheritance (Richards 2006; Whitelaw and 

Whitelaw 2006). Until now we have been accustomed to think of inheritance of phenotypic 

traits in genetic terms only. DNA methylation patterns are stable and persist in germ cells as 

well as somatic cells (Richards 2006). Pregnant rats were exposed to endocrine disruptors 

during gonadal sex determination of their fetuses and in males this affected the DNA 

methylation of the testes. This epigenetic alteration of the male germline became 
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transgenerational and the phenotype of reduced sperm production and infertility was detected 

in >90% of all males in all four generations (Anway et al. 2005).  

 

Maternal behaviour has been connected to epigenetic programming in offspring and that 

programming can be reversed. In a study of mice, a high level of maternal care for new born 

mice pups in their first week altered the DNA methylation of the glucocorticoid receptor 

(GR) in the hippocampus compared to a low level of maternal care (Weaver et al. 2004). 

When histone deacetylase inhibitors were administered the differences in DNA methylation, 

histone acetylation, GR gene expression and the stress hormone response were evened out 

(Weaver et al. 2004). 

1.7.    Epigenetic regulation of decidualisation 

Several studies in this section examine the effects of DNA methylation and histone 

acetylation in the endometrium. The concept that epigenetics modifies implantation and 

placentation is becoming accepted (Horsthemke and Ludwig 2005). The foundation of this 

thesis was the study of Rahnama et al, from our group, on DNA methylation regulation of 

trophoblast invasion (Rahnama et al. 2006) and endometrial epithelial receptivity (Rahnama 

et al. 2009).   

1.7.1.    DNA methylation regulates trophoblast invasiveness 

Rahnama et al studied DNA methylation regulation of the invading trophoblasts into the 

endometrium in a BeWo cell line (choriocarcinoma) (Rahnama et al. 2006). The expression 

of E-cadherin and plakoglobin in trophoblasts inhibits trophoblast invasion. When E-cadherin 

and plakoglobin genes were methylated, E-cadherin and plakoglobin expression was down-

regulated and the trophoblasts became invasive (Rahnama et al. 2006). AZA treatment of 
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BeWo cells inhibited the methylation of the E-cadherin and plakoglobin genes, which up-

regulated E-cadherin and plakoglobin expression and the highly invasive BeWo cells became 

non-invasive. Rahnama et al showed that it was the combination of DNMT3A and DNMT3B 

that optimally methylated the genes (Rahnama et al. 2006). DNMT3A and DNMT3B acting 

together down-regulated E-cadherin and plakoglobin gene expression and theoretically 

enable trophoblast invasion in vivo (Rahnama et al. 2006). This study had established that at 

least one aspect of embryo implantation is epigenetically regulated (Rahnama et al. 2006). 

1.7.2.    Histone modification in the endometrium 

Kashiwagi et al found that in mice histone modification altered the uterine tissue morphology 

(Kashiwagi 2005). The uteri expressed all eleven known HDACs between Days of pregnancy 

4 to 9 in stromal, endothelial, and uterine natural killer cells (Kashiwagi 2005). Munro et al 

showed that in the human endometrium global acetylation levels change throughout the 

menstrual cycle and correlated with expected gene transcription in the corresponding 

endometrial phase (Munro et al. 2010). 

1.7.2.1.    Histone acetylation regulates decidualisation 

When Sakai et al treated primary endometrial stromal cells with trichostatin A (TSA), an 

inhibitor of HDACs, they showed that histone acetylation could regulate decidualisation 

(Sakai et al. 2003). If TSA was added to the progesterone/estradiol treatment, the 

combination synergistically enhanced decidualisation, with a dose-dependent relation from 

TSA (Sakai et al. 2003). They had to determine whether it was histone acetylation that 

enhanced the progesterone-induced decidualisation of stromal cells so they tested the stromal 

cells for histone acetylation and found that at decidualisation the histones H3 and especially 

H4 became many fold more acetylated than the control (Sakai et al. 2003). To check whether 

stromal cells were the only cells affected by decidualisation treatments they treated 
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endometrial gland cells with TSA and E2/P4 and found there was no up-regulation of either 

IGFBP1 or prolactin expression, and the morphology of the gland cells had little change 

(Sakai et al. 2003). 

 

Sakai et al suggested that TSA can also indirectly demethylate DNA methylation-silenced 

genes by decreasing the mRNA levels of DNMT3B. This decrease in mRNA has been 

demonstrated in endometrial cancer cells; for example TSA might demethylate the DNA of 

the ER and PR genes (Sasaki et al. 2001a; Sasaki et al. 2001b; Xiong et al. 2005). One 

possible mechanism might be that TSA affects the stability of DNMT3B mRNA by reducing 

the half life of the mRNA from around 4 hours to 2.5 hours and so reduces DNMT3B protein 

expression (Xiong et al. 2005). Xiong et al suggested that either TSA activates an RNase or 

that TSA might neutralise a DNMT3B mRNA-binding protein that stabilises DNMT3B 

(Xiong et al. 2005). 

 

Uchida et al showed that treatment of endometrial epithelial cells in vitro (Ishikawa cell-line) 

with HDAC inhibitors differentiated the cells, with up-regulation of the epithelial 

differentiation markers, glycodelin and LIF, and transformation of the epithelial cell 

morphology (Uchida et al. 2006). 

  

1.7.3.    DNA methylation and decidualisation 

The positive correlation between PR expression and DNA methylation in the endometrium 

was shown with immunohistochemistry by Ghabreau et al, so that PR expression and DNA 

methylation was high in the proliferative phase and declined in the secretory phase (Ghabreau 

et al. 2004). Yamagata et al and our group, concurrently with this project, demonstrated that 
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DNMT1, 3A and 3B were differentially expressed in the endometrium during the menstrual 

cycle and that estrogen/progesterone treatments regulated the DNMT mRNA in endometrial 

explants and primary stromal cells (Yamagata et al. 2009; Vincent et al. 2010).  

  

1.7.4.    DNA methylation and steroid hormone receptors  

The hormones of estrogen and progesterone affect epigenetic regulation (Kaminsky et al. 

2006). The estrogen receptors ERα and ERβ each have one CpG island, and the progesterone 

receptor has two CpG islands at the promoter of the gene (Human Genome Browser Gateway 

www.genome.ucsc.edu/cgi-bin/hgGateway). 

The CpG islands in the 5‘ region of ER and PR can be methylated in breast cancer tumours, 

which silence ER and PR gene expression (Lapidus et al. 1996). In these cancers, 

demethylating the ER promoter will re-express ER, but demethylating the promoter of PR, an 

estrogen stimulated gene, when there is an absence of ER does not re-express PR (Ferguson 

1998). Interestingly, ER alone, without the demethylation of PR promoter, will re-express PR 

because ER associates with histone acetyltransferases (HATs) and the ER-related histone 

modification allows PR to be re-expressed, bypassing DNA methylation (Beato et al. 1996; 

Spencer et al. 1997; Ferguson 1998). 

1.7.5.    DNA demethylation differentiates cells 

The main cell type differentiated by AZA seems to be stem cells. In 1979, in a landmark 

experiment, Taylor and Jones used AZA and an analog of AZA to differentiate cells from a 

mouse cell-line into adipocytes, chondrocytes and myocytes (Taylor and Jones 1979). 

Recently there has been a huge interest in the epigenetic regulation of stem cells and 

reprogramming cells back into multipotent or pluripotent cells (Takahashi et al. 2007; 

Wernig et al. 2007). Removing epigenetic marks by inhibitors of DNMTs and HDACs can 
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improve reprogramming efficiency and dedifferentiate somatic cells back to induced 

pluripotent stem cells (Han et al. 2010).  

 

1.7.6.    Endometrial stromal cells can reprogram into iPS stem 

cells  

In a landmark experiment in 2007, Takahashi and Yamanaka reprogrammed adult, human, 

skin, fibroblast cells into embryonic stem-like cells, which they called induced pluripotent 

stem cells (iPS)  (Takahashi and Yamanaka 2006; Takahashi et al. 2007). Since then 

researchers have searched for adult stem cells or somatic cells to reprogram into iPS. 

Researchers have proposed that menstrual blood might be an unlimited source of multipotent 

stem cells that could be differentiated into the desired cell type (Meng et al. 2007; Patel 

2008). Park et al isolated endometrial stromal cells from post-menopausal women and 

reprogrammed the stromal cells into iPS cells (Park et al. 2011). Reprogramming endometrial 

stromal cells into iPS cells was more efficient and faster compared to skin fibroblasts. 

Strakova et al extracted endometrial stromal cells (uterine fibroblasts) from term placenta and 

reprogrammed the stromal cells into osteoblasts, adipocytes, and chondrocytes to prove that 

the placenta could also be a source of multipotent cells for regenerative medicine (Strakova et 

al. 2008). These female reproductive system stem cells and stromal cells are safer to collect 

in a non-invasive manner for regenerative medicine than stem cells from embryos or bone 

marrow (Santamaria et al. 2011). 

1.8.    Summary  

Our understanding of the molecular mechanisms in the complex system of decidualisation is 

incomplete. Understanding decidualisation is important for human fertility so that the 
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implantation rate of a healthy embryo is maximised and a fetus has an optimal environment 

to grow to term. Currently the implantation rate per cycle for IVF is 50% and the limitation 

for  IVF and the high-quality embryos selected is largely due to the condition of the 

endometrium (Sharkey and Smith 2003). A healthy in utero life of the fetus is the foundation 

for long term health as an adult. Conversely, a poor start in life continues on to adulthood and 

this is mediated by epigenetic mechanisms (Gluckman 2008; Gordon et al. 2012). 

 

As part of the complex system of decidualisation regulation the epigenetic mechanisms of 

DNA methylation, histone modification and non-protein coding RNA have begun to be 

associated with, and have the potential to be deeply involved in regulating decidualisation, 

but the mechanisms have not yet been fully investigated. The earliest study of epigenetic 

regulation of decidualisation reported on the regulation by histone acetylation (Sakai et al. 

2003). Histone acetylation of the chromatin of prolactin and IGFBP1 genes in vitro 

differentiated stromal cells into decidual cells independently of progesterone and estrogen 

treatments (Sakai et al. 2003). Generally, histone acetylation interacts with DNA methylation 

(Fuks et al. 2003). If histone acetylation is involved in stromal cell decidualisation then it is 

likely that DNA methylation is also involved. Our group established in vitro that DNA 

methylation regulates trophoblast invasiveness during embryo implantation (Rahnama et al. 

2006). Concurrently to my beginning this thesis, Rahnama et al showed in vitro that DNA 

methylation regulates uterine epithelial cell receptivity to invading trophoblasts (Rahnama et 

al. 2009). If we understand the regulation of DNA methylation on decidualisation in the 

healthy endometrium then perhaps our understanding of endometrial pathologies will also 

improve. Aberrant DNA methylation of genes has been shown to be involved in 

endometriosis, such as HOXA10, ERα, ERβ, PRB, CDKN2A (p16) (Martini et al. 2002; Wu 

et al. 2005; Wu et al. 2006; Xue et al. 2007). 
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The relationship between decidualisation and epigenetics raises many questions. If we know 

which genes DNA demethylation activates during decidualisation then perhaps we may 

understand why epigenetics regulates decidualisation and what the purpose is. 

Decidualisation is strictly time-dependent so when do epigenetic mechanisms regulate 

decidualisation; and which DNMTs are involved in DNA methylation regulation of 

decidualisation? Is active or passive demethylation involved in decidualisation? 

Does AZA reprogram human endometrial stromal cells into induced pluripotent stem cells; 

i.e. does AZA differentiate or dedifferentiate them? Will environmental factors affect the 

epigenome of the endometrium over time? 

1.8.1.    Hypothesis 

We hypothesised that the epigenetic mechanism of DNA methylation regulates the 

decidualisation of human endometrial stromal cells. 
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Abstract 

BACKGROUND Decidualization, the differentiation of endometrial stromal cells is a crucial step 

for successful implantation of an embryo, development of the placenta and completion of 

pregnancy to term. Epigenetic mechanisms are thought to be strongly involved in the regulation 

of processes controlling implantation, placentation, organ formation and foetal growth. Recent 

studies suggest that decreased DNA methylation facilitates a receptive endometrium. Hence, the 

aim of this project was to compare the transcriptional profile changes induced by the inhibitor of 

DNA methylation, 5-Aza-2′-deoxycytidine (AZA) to the transcriptional changes that happen 

during decidualization.  

METHODS AND RESULTS  When DNA methylation was inhibited in a human endometrial stromal 

cell (HESC) line with AZA, it resulted in the fibroblast-like stromal cells being transformed into 

decidual-like morphology after 9 days. Expression of both prolactin and insulin-like growth 

factor binding protein-1, the two established decidualization marker genes, were minimally up-

regulated by AZA after 10 days of treatment. In a microarray of a three-way experiment between 

AZA-treated and oestradiol/progestin/cAMP-treated [medroxy-progesterone acetate (MPA)-mix] 

HESC and the untreated controls, we detected more than 1000 common genes that had a 

significant difference of expression compared with the controls. AZA-treated cells in the 

microarray significantly expressed 76 genes in common with the MPA-mix treated cells, and AZA 

treatment also differentially regulated 148 genes independently to that of MPA-mix treatment. 

The MPA-mix regulated at least 36 genes in the cell adhesion, extracellular matrix remodelling 

and RhoGTPase cytoskeletal reorganization pathway; AZA regulated 19 of these genes in 

common and 15 other RhoGTPase pathway genes.  

CONCLUSION  AZA induced some decidualization-like responses of endometrial stromal cells 

independently of progestins or cAMP, possibly via the cytoskeletal reorganization pathway of the 

RhoGTPase family.  

Key words decidualization, endometrial stromal cell, human endometrium, epigenetic,  

DNA methylation  
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Introduction 

Decidualization of endometrial stromal cells is a crucial step in successful embryo implantation 

and establishment of the placenta, which sustains the growing foetus during pregnancy. In 

humans, the embryo buries itself inside the wall of the uterus, and the embryo's invading 

trophoblasts infiltrate the maternal spiral arteries to expand and adapt them so that the placenta 

can form and establish a blood supply for the growing foetus. At the same time the dense 

extracellular matrix of the decidua in the endometrium prevents the trophoblasts from invading 

beyond the inner third of the myometrium and attaching too deeply inside the uterine wall. 

Failure of the decidual cells to prevent excessive trophoblast invasiveness is associated with 

choriocarcinoma and also with the potentially fatal placenta accreta, which causes 

haemorrhaging when the placenta is detached from the uterus at birth (Graham and Lala, 1992; 

Norwitz, 2006).  

During decidualization, the oestrogen-primed stromal cells in the endometrium are transformed 

by progesterone in the secretory phase from spindly, fibroblast-like cells into larger, rounder 

decidual cells, while many genes specific for decidualization are up-regulated. The established 

markers of decidualization are prolactin and insulin-like growth factor binding protein-1 

(IGFBP1) (Lane et al., 1994).  

Decidualization is one of the important fertility-determining factors (Strowitzki et al., 2006). 

Currently, the assisted reproductive technology of IVF is limited to an implantation rate of up to 

50%, whereas natural conceptions have a successful implantation rate of ∼20% (Lockwood, 

2000). IVF has a better survival rate for a confirmed pregnancy because 65–90% of the embryos 

in unsuccessful natural implantation are chromosomally abnormal, whereas in IVF healthy 

embryos can be selected and implanted (Lockwood, 2000). Therefore, a significant proportion of 

the loss of embryo implantation involves decidualization and endometrial factors producing a 

non-receptive endometrium (Strowitzki et al., 2006). The molecular mechanisms and pathways 

involved in decidualization are still not fully understood. A thorough understanding of 

decidualization and its effect on implantation would improve human fertility, and conversely 

could produce novel contraceptive methods.  

Studies of assisted reproductive technologies have also shown that epigenetic mechanisms might 

regulate many aspects of pregnancy and are involved in implantation, placentation, organ 

formation and foetal growth (Horsthemke and Ludwig, 2005). Epigenetic mechanisms change the 

expression of a gene to produce different phenotypes without altering the genetic sequence 

(Russo et al., 1996). DNA methylation and histone modification are the two major epigenetic 

mechanisms that interact to remodel the chromatin so that the DNA is bundled up into either 

active euchromatin or silent heterochromatin (Klose and Bird, 2006).  

DNA methylation is the addition of a methyl group (-CH3) on the fifth carbon of a cytosine base 

on a cytosine guanine (CG) dinucleotide (Jaenisch and Bird, 2003). A dense region of CG 

dinucleotides, called CpG islands, are associated with 88% of active promoters, which are at the 

5′ end of the gene (Kim et al., 2005). Generally CpG islands in gene promoters are unmethylated. 

DNA methylation of gene promoters, which is both heritable and reversible generally silences 

gene transcription (Bestor, 2000). DNA methylation is catalysed by DNA methyltransferases 

(DNMTs): DNMT1, DNMT3A and DNMT3B. DNMT1 maintains the existing methylation pattern of 

replicating chromosomes on the daughter strands, whereas DNMT3A and DNMT3B are 
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predominantly involved in de novo methylation. DNA methylation is generally found to occur 

during embryogenesis for parental imprinting, X chromosome inactivation and cell differentiation 

of stem cells (Li, 2002; Jaenisch and Bird, 2003). If embryonic mice lack mouse Dnmt1 or 

Dnmt3b, they will suffer developmental defects and die in utero, but if they lack Dnmt3a they will 

mostly die a month after birth (Okano et al., 1999).  

There is increasing evidence that epigenetic mechanisms regulate gene expression in the 

endometrium. Sakai et al. (2003) demonstrated that histone acetylation enhanced oestradiol and 

progestin-induced decidualization when they treated primary human endometrial stromal cells 

(HESCs) with the inhibitor of histone deacetylation, trichostatin A. We have demonstrated that 

DNA methylation regulates both trophoblast invasiveness into the endometrium and uterine 

epithelial cell receptivity in vitro (Rahnama et al., 2006, 2009). Ghabreau et al. (2004) showed 

that there is a significant positive correlation between DNA methylation and progesterone 

receptor expression and that DNA methylation is high in the proliferative phase and declines 

significantly during the secretory phase. Recently, Yamagata et al. (2009) linked DNA methylation 

and the DNMTs to decidualization. Hence, we hypothesized that inhibition of DNA methylation 

could facilitate the decidualization of endometrial stromal cells. We aimed to see whether 

changes in gene expression in response to the inhibitor of DNA methylation, 5-Aza-2′-

deoxycytidine (AZA) correlated with the induction of decidualization by the standard treatment of 

oestradiol, medroxy-progesterone acetate (MPA) and cyclic AMP.  

Materials and Methods 

Cell culture 

The HESC line, which originated from Dr Charles J Lockwood, Yale University School of Medicine, 

New Haven, CT, was a kind gift from Dr. Peter AW Rogers, Monash University, Australia. The 

original HESC line developed by Lockwood came from endometrial stromal cells from myomas in 

the uterus of a patient (Krikun et al., 2004). The cells were immortalized with telomerase [human 

telomerase reverse transcriptase (hTERT)] which adds TTAGGG repeats back onto the telomeres 

(Krikun et al., 2004). The HESC line is commercially available from the American Type Culture 

Collection (ATCC) (Manassas, VA, USA).  

The HESC were cultured in Dulbecco's modified Eagle's medium and Ham's F-12 (DMEM/F12) 

medium (Invitrogen Life Technologies, Auckland, New Zealand), which was supplemented with 

10% heat inactivated foetal bovine serum (FBS, all experiments used the same batch) (Gibco®, 

Invitrogen Life Technologies), 100 µg/ml streptomycin, 100 U/ml penicillin (Invitrogen Life 

Technologies) and 2 mM glutamax (Invitrogen Life Technologies), and cultured at 37°C in a 

humidified 5% CO2 incubator. Cells were detached by trypsinization (×1 trypsin EDTA, Invitrogen 

Life Technologies).  

Treatment with AZA and MPA-mix 

The treatments of HESCs with AZA (Sigma-Aldrich, St Louis, MO, USA) and MPA-mix (oestradiol-

17β, MPA, dibutyryl cyclic AMP), in 2% FBS-supplemented media (Kasahara et al., 2001), were 

used for transforming stromal cell morphology and for determining gene expression during 

decidualization (Krikun et al., 2004). The MPA-mix of MPA/E2/cAMP was formulated using 

http://humrep.oxfordjournals.org/content/25/11/2859.full#ref-38
http://humrep.oxfordjournals.org/content/25/11/2859.full#ref-25
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published concentrations for decidualizing endometrial stromal cells (Tang et al., 1993; Kessler 

et al., 2005). The concentrations used were 1 µM MPA (Calbiochem®, Sigma-Aldrich), 10 nM 

oestradiol-17β (Sigma-Aldrich) and 0.5 mM dibutyryl cyclic AMP (db cAMP) (Sigma-Aldrich) 

(Kasahara et al., 2001). The AZA concentration was 15 μM, which had been determined by our 

optimization of it on HESCs by semi-quantitative PCR of prolactin gene expression.  

An Olympus 1 × 71 camera and microscope system (TH4-200) were used to photograph the 

effect of the different treatments of 15 µM AZA and MPA-mix on the morphology and 

proliferation of HESCs.  

Preparation of total RNA 

Total RNA was extracted from HESCs using TRIZol® (Invitrogen Life Technologies) according to the 

manufacturer's instructions, with the addition of an extra chloroform step. Total RNA 

concentrations were determined by NanoDrop analysis (ND-1000 Spectrophotometer, Thermo 

Scientific, Waltham, MA, USA). Total RNA of 1 µg for each sample was DNase-treated and 

converted to cDNA for quantitative real-time PCR (qPCR) using SuperScript III and random 

hexamers (Invitrogen Life Technologies).  

Oligonucleotide microarray 

A three-way experiment was performed by treating HESCs with AZA or MPA-mix plus the 

respective controls, i.e. AZA versus control (0.01% dimethyl sulfoxide (DMSO), final 

concentration), MPA-mix versus control (0.001% ethanol, 0.01% DMSO, final concentration) and 

AZA versus MPA-mix. HESCs were seeded in six-well plates so that 60% confluent cells were 

treated the following day. The plates were incubated in a humidified incubator at 37°C, 5% CO2, 

and the treatments were renewed with a change of media every 3 days, for 9 days. The three sets 

of conditions had three slides each for a total of nine Affymetrix microarray slides. The total RNA 

was extracted using the RNeasy Mini Kit 50 (Qiagen, Valencia, CA, USA) according to the 

manufacturer's instructions and sent to the Otago Genomics Facility, University of Otago, New 

Zealand. For each slide, 7 µg of high-purity total RNA was reverse transcribed to produce cDNA 

for hybridization. The test samples were labelled with Cy5 dye and the control samples with Cy3 

dye. For the AZA versus MPA-mix slides, the AZA was labelled with Cy5 and the MPA-mix with 

Cy3.  

The 20 000-gene slides (50mer gene spots) were scanned by a GenePix 4000B (Axon, MDS 

Analytical Technologies, Sunnyvale, CA, USA) and normalized with TIGR MIDAS (Microarray Data 

Analysis System) software. The gene spots were filtered and any gene spots with a median pixel 

intensity for Cy5 less than 200 were removed. The expression ratio between the test sample and 

the control sample for each gene was calculated, and the data were analysed by Student's t-test 

to determine significance (P < 0.05). Statistically significant genes with at least a 1.5-fold change 

in expression were found, and the up- and down-regulated genes were sorted in the ascending 

order. The common genes between the three sets of experiments were identified and compiled  

Primers for qPCR 

PrimerBank IDs are as follows: prolactin, 4506105a2; desmin, 18105050a1; vimentin, 

4507895a3 and keratin19, 24234699a1 (Table I).  
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qPCR validation of microarray gene expression 

We validated the expression of six selected genes from the microarray using qPCR. Genes 

relevant for decidualization, FOXO1 and decorin, and for differentiation, HOXA1, a member of the 

cluster of developmental HOXA family genes (Novak et al., 2006) (HOXA10and HOXA11 are 

important for decidualization), were selected for validation. HOXA genes have an increased 

amount of CpG islands and tissue-specific methylation (Illingworth et al., 2008). Marker genes 

for cell type were also chosen: keratins 8 and 19, and vimentin. At least one gene, from each of 

the four intersections of common genes from the three-way experiment between AZA treatment 

and MPA-mix treatment, was selected for validation and we included a down-regulated gene as 

well as up-regulated genes. We ran three independent experiments with three replicates of each 

treatment in each. SYBR Green (Invitrogen Life Technologies) was used according to the 

manufacturer's instructions, performed in the ABI Prism 7900HT Sequence Detection System 

(Applied Biosystems, Foster City, CA, USA) with SDS 2.1 software. The qPCR protocol had an 

initial stage at 50°C for 2 min then at 95°C for 10 min, followed by amplification for 40 cycles at 

95°C for 15 s of denaturation and at 60°C for 1 min of annealing and extension. Finally, there was 

a dissociation stage. The PCR products were run in triplicates and analysed for the melting curve 

and run on an agarose gel to confirm the correct size. Standard curves of cycle threshold (Ct) 

versus concentration of serially diluted cDNA were constructed for each gene. From the ΔΔCt 

analysis method, the mean Ct values of the triplicates for each treatment of each gene were 

normalized against the Ct values of the reference gene 18S rRNA. To compare the replicate 

experiments, the normalized Ct values of each treatment sample were normalized against the 

mean of the control samples.  

Table I    Primer sequences for qPCR amplification. 

Primer name Primer sequence 
Amplicon 
 size (bp) 

Reference 

18S rRNA sense 5′- CGG CTA CCA CAT CCA AGG AA-3′ 
  

18S rRNA antisense 5′- GCT GGA ATT ACC GCG GCT-3′ 187 Ponnampalam et al. (2004) 

Decorin sense 5′-TTC CTG ATG ACC GCG ACT TCG A-3′ 
  

Decorin antisense 5′-TCA TTC TCA TGG GCA CGC AGC T-3′ 362 Kessler et al. (2005)  

Desmin sense 5′-AAC CAG GAG TTT CTG ACC ACG-3′ 
  

Desmin antisense 5′-TTG AGC CGG TTC ACT TCG G-3′ 137 Wang and Seed (2003) 

FOXO1 sense 5′-AGA GCG TGC CCT ACT TCA A-3′ 
  

FOXO1antisense 5′-ATC ATC CTG TTC GGT CAT A-3′ 437 Kessler et al. (2005)  

HOXA1 sense 5′- CGT GAG AAG GAG GGT CTC TTG-3′ 
  

HOXA1 antisense 5′- GTG GGA GGT AGT CAG AGT GTC-3′ 147 Pandey et al. (2008)  

IGFBP1 sense 5-CTATGATGGCTCGAAGGCTCTCCATGTCAC3’ 
  

IGFBP1 antisense 5-GATCTCTGGAGACCCAGGGATCCTCTTCCC3’ 265 Kessler et al. (2005)  

Keratin 8 sense 5′-GCT GAC CGA CGA GAT CAA CT-3′ 
  

Keratin 8 antisense 5′-CAT GGA CAG CAC CAC AGA TG-3′ 108 Walker et al. (2007)  

Keratin 19 sense 5′-AAC GGC GAG CTA GAG GTG A-3′ 
  

Keratin 19 antisense 5′-TTC CGT CTC AAA CTT GGT TCG-3′ 204 Wang and Seed (2003) 

Prolactin sense 5′- CAT ATT GCG ATC CTG GAA TGA GC-3′ 
  

Prolactin antisense 5′- TCC TCA ATC TCT ACA GCT TTG GA-3′ 105 Wang and Seed (2003) 

Vimentin sense 5′-CGC CAG ATG CGT GAA ATG G-3′ 
  

Vimentin antisense 5′-ACC AGA GGG AGT GAA TCC AGA-3′ 278 Wang and Seed (2003) 

 

Western blotting and ELISA 

HESCs were lysed [2% sodium dodecyl sulphate, 20% glycerol, 60 mM TRIS, pH = 6.8; complete 

proteinase inhibitor (Roche Diagnostics, Mannheim, Germany)] and the total protein was 

sonicated and then measured by the detergent compatible protein quantification assay (Bio-Rad 

http://humrep.oxfordjournals.org/content/25/11/2859.full#ref-47
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Laboratories, Hercules, CA, USA). Total protein extracts (20 µg) were diluted in ×5 reducing 

Laemmli's sample buffer (60 mM TRIS, pH = 6.8, 25% glycerol, 2% sodium dodecyl sulphate, 0.1% 

bromophenol blue, 2-mercaptoethanol), separated by 10% SDS–PAGE and transferred onto a 

nitrocellulose membrane (Amersham Biosciences, Little Chalfont, UK). Membranes were blocked 

with Tris-buffered saline Tween-20 (5% fat-free milk in Tris-buffered saline containing 0.1% 

Tween 20), and incubated overnight at 4°C with 1:1000 dilution of mouse monoclonal antibody 

against vimentin (Dako, Glostrup, Denmark). A secondary antibody of a conjugated peroxidase 

anti-mouse IgG (Sigma) was used at a 1:3000 dilution for 1 h at room temperature. Enhanced 

chemiluminescence detection by Super-Signal® West Dura (Thermo Scientific, Rockford, IL, USA) 

was performed according to the manufacturer's instructions, and the film was scanned by a 

densitometer (GS-800 Calibrated densitometer, Bio-Rad). The membrane was stripped by 0.2 M 

NaOH for 5 min, washed and reprobed by using mouse anti-β-actin antibody (Santa Cruz 

Biotechnology, Santa Cruz, CA, USA) at 1:24 000.  

Concentrated conditioned medium (CM) from three independent experiments was used for the 

ELISA of prolactin and the western blot for IGFBP1. CM was a serum-free DMEM/F12 medium 

collected after the last 2 days of a 13-day treatment. Vivaspin 500 5 kDa centrifugal columns (GE 

Healthcare, Little Chalfont, UK) concentrated the CM to at least 23 times concentration. 

Concentrated CM from each sample was run on western blots using the anti-mouse IGFBP1 

antibody (G2, Novus Biologicals, Littleton, CO, USA) at 1:800 and incubated overnight at 4°C, 

then secondary anti-mouse at 1:3000 was used for 1h at room temperature. For the ELISA of 

prolactin, LabPLUS laboratories, Auckland Hospital analysed 100 μl of concentrated CM from 

each sample. The minimum detection level of prolactin was 30 mIU/l (1.4 ng/ml). The lysate of 

the treated cells was extracted and run on western blots to detect β-actin levels so that the cell 

numbers that produced each sample of CM could be corrected for.  

Statistical analysis 

Data were graphed and analysed on GraphPad Prism software (version 5.01 for Windows, San 

Diego, CA, USA, www.graphpad.com, last accessed 24 August, 2010) using the unpaired two-

tailed Student's t-test. All data are expressed as means and standard error (±SEM), and P < 0.05 

was considered to be statistically significant.  

Results 

The effect of AZA on cell morphology 

The change of cell morphology from fibroblast-like stromal to decidual-like cells is one 

indication of decidualization of endometrial stromal cells (Qian et al., 2005). To determine the 

effect of AZA on cell morphology, the HESCs were treated with 15 µM AZA and compared with 

MPA-mix-treated cells and the control stromal cells. There was an additional treatment of 15 µM 

AZA combined with MPA-mix to determine the effect on cell morphology. After treating the 

HESCs with AZA, MPA-mix and AZA/MPA-mix for at least 9 days, the morphologies of these 

treated cells had just begun to change towards being decidual-like (Fig. 1). The morphologies of 

the cells after the three treatments were similar, but they differed from the morphology of the 

control stromal cells.  

http://www.graphpad.com/
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Figure 1  

Treating HESCs with AZA and MPA-mix transformed the cells to decidual-like morphologies. (A) 

Control HESC stromal cells were treated with (B) MPA-mix (1 µM MPA, 10 nM oestradiol, 0.5 mM 

dibutyryl cAMP), (C) 15 µM AZA (5-Aza-2′-deoxycytidine) or (D) 15 µM AZA and MPA-mix. This 

experiment is representative of at least three independent experiments. Scale bar, 100 µm (×16 

objective).  

 

 

The effect of AZA on the expression of decidualization markers 

Prolactin and IGFBP1 are considered to be the molecular markers for decidualization. Although 

prolactin and IGFBP1 mRNA were significantly up-regulated in all three treatment groups 

compared with the control cells (Fig. 2A), the AZA-treated cells only had a 2.4-fold increase in 

gene expression of prolactin, and 4-fold of IGFBP1, compared with the control. However, MPA-

mix and AZA/MPA-mix increased the gene expression of prolactin and IGFBP1 by more than 50-

fold. For the protein levels, MPA-mix and AZA/MPA-mix treatments significantly increased 

prolactin and IGFBP1, whereas AZA treatment alone did not have any significant effect (Fig. 2B).  

http://humrep.oxfordjournals.org/content/25/11/2859.full#F2
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Figure 2  

Treating HESCs with different treatments changed the gene expression (A) of three 

decidualization marker genes: prolactin, IGFBP1 and desmin (a cytoskeletal gene); and the 

treatments increased the protein levels (B) (measured in samples of concentrated CM) of prolactin 

and IGFBP1. The effects of the treatments of 15 µM AZA, MPA-mix and combined 15 µM AZA and 

MPA-mix on the mRNA expression levels were analysed by qPCR. All results were corrected 

against expression of 18S rRNA. Prolactin protein was analysed by ELISA (n = 3), and IGFBP1 was 

measured by western blot, of samples that were concentrated CM. Representative western blot 

for IGFBP1 are shown above the graph. β-actin staining is shown as the loading control and all 

results were corrected against it. (Error bars are SEM, n = 3, *P < 0.05, **P < 0.01, ***P < 0.001.)  

Another decidualization marker gene is desmin (Fig. 2C), for which AZA and AZA/MPA-mix 

treatments significantly up-regulated gene expression by 5-fold, while the MPA-mix treatment 

caused an upward trend of 3.2-fold expression compared with the control (P = 0.065).  

Oligonucleotide microarray identified common genes between AZA and MPA-mix 

treatments 

The microarray experiment produced 1029 genes that were both significant (P < 0.05) and had 

at least a 1.5-fold change in expression, i.e. either up- or down-regulated. The AZA versus 

control (Group A) identified 224 genes, the MPA-mix versus control (Group B) identified 571 

genes and the AZA versus MPA-mix (Group C) identified 490 genes (with some common genes in 

the intersections between groups being counted twice, Fig. 3).  

http://humrep.oxfordjournals.org/content/25/11/2859/F2.expansion.html
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Figure 3  

Venn diagram showing the differentially expressed genes in each group, which are either 1.5-

fold up- or down-regulated in treatments (AZA and MPA-mix) compared with the control. In a 

three-way experiment, AZA and MPA-mix-treated HESC line produced 1029 significant genes (P 

< 0.05) with ≥1.5-fold change of expression, from 20 000 genes on each slide (Supplementary 

data).  

The common genes are listed as Supplementary data. (Note: the gene expression in these 

microarrays is compressed so that the maximum change in fold expression is generally no more 

than 5-fold.) The common genes in the intersection between AZA and MPA-mix treatments 

(Groups A and B) are the genes that were affected by AZA and by MPA-mix similarly (Fig. 3). 

There were 58 genes in A and B and 98% of them have the same direction of change for AZA and 

for MPA-mix.Of these 58 genes, 40 were down-regulated and 17 genes were up-regulated. The 

other group of common genes between AZA and MPA-mix is in the A, B and C intersection, 

where either AZA or MPA-mix has a greater effect than the other of at least 1.5-fold. Of these 18 

common genes, 16 are expressed in the same up- or down-regulated direction for both AZA and 

MPA-mix treatments. The subset of A and C has 68 genes. The genes in the A and C intersection 

were significantly regulated by AZA but not by MPA-mix; the B and C common genes, of which 

there were 94, were significantly regulated by MPA-mix but not by AZA. A number of genes in 

common between the treatments of AZA and MPA-mix were involved in cytoskeletal 

reorganization, cell adhesion and extracellular matrix remodelling (Fig. 4), for example, both AZA 

and MPA-mix up-regulated MMP1, lamininB2, SEMA3A, WNT5A and IGFBP4 [another 

decidualization marker (Ganeff et al., 2009) and a cell growth inhibitor regulated by DNA 

methylation (Fridman et al., 2007)]; and down-regulated collagen6A3, integrinB1, syntenin, 

tenascinC and RPSA (laminin receptor1), and the protocadherins PCDH1 and PCDHB4.  

http://humrep.oxfordjournals.org/content/25/11/2859/F3.expansion.html
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Figure 4  

AZA treatment regulated cytoskeletal reorganization and cell adhesion genes, which have 

been identified from the microarray. The gene map shows the RhoGTPase family, which 

consists of three sub-families of Rac, Rho and cdc42. The genes from the microarray have 

arrows indicating up- or down-regulation. Genes in parentheses are not common genes from 

the microarray, but they link genes from the microarray in the pathways. An asterix denotes 

genes regulated by MPA-mix. Desmin was included because of the qPCR results for AZA 

treatment. ARHGEF2 Rho/Rac guanine nucleotide exchange factor 2, ARP2/3 actin-related 

protein 2/3, BICD1 bicaudal-D1, cdc42BPA cdc42 binding protein kinase alpha, LIMK LIM domain 

kinase, MAP1A microtubule-associated protein 1A, MAP2K5 mitogen-activated protein kinase 5, 

NPHP1 nephronophthisis 1, PAK1 p21 protein (cdc42/Rac)-activated kinase1, PHACTR2 

phosphatase and actin regulator 2, RAC1 ras-related C3 botulinum toxin substrate 1, RACGAP1 

Rac GTPase activating protein 1, RASA3 RAS p21 protein activator 3, RHOA ras homologue gene 

family member A, RIN1 Ras and Rab interactor 1, RPSA ribosomal protein SA (laminin receptor1), 

SEMA3A semaphorin3A, SEMA6C semaphorin6C, TIAM1 T-cell lymphoma invasion and 

metastasis-1, WNT5A wingless-type MMTV integration site family, 5A. Gene-map references: 

vimentin (Chang and Goldman, 2004), actin, cofilin (Ihnatovych et al., 2009), actin function map 

(Rohn and Baum, 2010), stress fibres (Pellegrin and Mellor, 2007), focal adhesions (Maruyama et 

al., 1999), PAK1 (Sells et al., 1997), RHOA, stress fibres (Ridley and Hall, 1992), desmin (Can et 

al., 1995), integrinβ1 (Arthur et al., 2002), keratins (Moll et al., 1982), BICD1 (Fumoto et al., 

2006), plastin3, ARP2/3 (Giganti et al., 2005), LIMK (Miehe et al., 2005), syntenin (Zimmermann 

et al., 2001), profilin (Sohn and Goldschmidt-Clermont, 1994), PHACTR (Allen et al., 2004), RAC1 

and RACGAP1 (Kawashima et al., 2000), (Grewal et al., 2008), caldesmon (Lin et al., 2009), 

SEMA3A and 6C (Tamagnone and Comoglio, 2004), cdc42c and WNT5A (Schlessinger et al., 

2007), WNT5A and RhoGTPases (Schlessinger et al., 2009), connexin43 (Winterhager et al., 

2009), TIAM1, RAC1 (Lambert et al., 2002), Rho family of RAC1, PAK1, and cdc42 (Bishop and 

Hall, 2000; Grewal et al., 2010).  
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MPA-mix down-regulated the cytoskeletal reorganization and cell adhesion genes: collagen6A2, 

nexilin, fibronectin, transgelin, MUC12 and FGD1, and the myosin genes MYLK, MYH9, MYL2and 

MYL3; and MPA-mix up-regulated MMP2, ADAMTS5, GIPC1, PLEKHG3, PLAT, FSCN2 and PTK7. 

The MPA-mix treatment also up-regulated the IGF-related genes of IGFBP3 [cell growth inhibitor 

(Fridman et al., 2007)], IGFBP8 (CTGF connective tissue growth factor) and GIPC1 which interacts 

with IGF receptor and GLUT1; and the telomerase reverse transcriptase gene TERT.  

AZA regulated at least 34 cytoskeletal reorganization and cell adhesion genes including TIMP1, 

RACGAP1[an enhancer of trophoblast invasion (Grewal et al., 2008)], PAK1 [p21 protein 

(cdc42/RAC) activated kinase 1], and several keratins KRT8, KRT19 and KRT32; and down-

regulated connexin 43 (GJA1), which is suppressed during decidualization (Grümmer and 

Winterhager, 1998). AZA also up-regulated the cell cycle genes CDKN1A (p21 Cip1), MDM2 and 

cyclinD1.  

 

 

qPCR validation of selected microarray genes 

Six differentially expressed genes based on their established role in decidualization or 

differentiation were selected to be validated by qPCR: FOXO1, decorin, HOXA1, KRT8, KRT19 and 

vimentin (Fig. 5). The qPCR confirmed the microarray data that MPA-mix treatment up-regulates 

FOXO1 and decorin; AZA treatment up-regulates KRT8, KRT19 and HOXA1; and AZA down-

regulates decorin. MPA-mix treatment did not up-regulate HOXA1, and AZA did not up-regulate 

vimentin mRNA as observed by qPCR.  
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Figure 5  

Validation of six genes from the microarray by using qPCR. The selected genes were (A) FOXO1, 

(B) decorin, (C) HOXA1, (D) KRT8, (E) KRT19 and (F) vimentin. The y-axis shows the fold change 

of mRNA levels following the three treatments compared with control, with all results corrected 

against expression of 18S rRNA. The x-axis shows the different treatment groups: AZA, MPA-

mix and combination AZA/MPA-mix. (Error bars are SEM, n = 3, *P < 0.05, **P < 0.01, ***P < 

0.001.)  

 
 

 

AZA treatment increased protein expression of vimentin 

The AZA-treated and AZA/MPA-treated cells significantly increased the protein levels of vimentin 

in the western blot analysis compared with the control (Fig. 6). The increased protein level of 

vimentin supports the microarray result that AZA up-regulates vimentin gene expression. The 

MPA-mix treatment only marginally increased the vimentin protein level compared with the 

control.  

http://humrep.oxfordjournals.org/content/25/11/2859/F5.expansion.html
http://humrep.oxfordjournals.org/content/25/11/2859/F5.expansion.html
http://humrep.oxfordjournals.org/content/25/11/2859.full#F6
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Figure 6  

Protein levels of vimentin from western blotting analysis similar to the microarray result (Group A 

versus C, Supplementary data). The treatments of 15 µM AZA, MPA-mix and combined 

AZA/MPA-mix were applied to HESCs. A representative western blot for vimentin is shown above 

the graph. The y-axis shows the fold change of protein levels following the different treatments 

compared with the control, with all results having been corrected against β-actin (error bars are 

SEM, n = 3, **P < 0.01) β-actin staining is shown as the loading control.  

 

Discussion 

In this study, we demonstrate that AZA treatment induces some morphological changes in 

endometrial stromal cells similar to decidualization. The gene expressions of two decidualization 

markers, prolactin and IGFBP1, were both subtly yet significantly up-regulated by AZA treatment 

after 10 days, however, there were no significant differences in protein expression. The 

microarray data show that 76 genes were regulated in a similar way by both MPA-mix and AZA 

treatments, and AZA significantly regulated 148 genes independently of MPA-mix.  

From the microarray data, MPA-mix treatment regulated at least 36 genes involved in 

cytoskeletal reorganization and cell adhesion, 19 of which are regulated by AZA treatment and 

AZA by itself regulated at least another 15 genes. Figure 4 maps these 34 genes that AZA 

treatment regulates, which form part of the RhoGTPase family pathways of the subfamilies Rho, 

Rac1 and cdc42, and other cytoskeletal reorganization and cell adhesion genes responsible for 

reorganizing the actin filaments, intermediate filaments and microtubules (Grewal et al., 2010). 

Cytoskeletal reorganization is a prerequisite for the fibroblast-like endometrial stromal cells to 

transform into decidual cell morphology (Ihnatovych et al., 2009). Reorganization of the actin 

cytoskeleton in stromal cells dramatically increases stress fibres and forms focal adhesions 

during decidualization (Cloke et al., 2008). Cytoskeletal reorganization has been shown to 

increase the likelihood of prolactin and IGFBP-1 expression, and hence decidualization (Kim et 

http://humrep.oxfordjournals.org/cgi/content/full/deq238/DC1
http://humrep.oxfordjournals.org/content/25/11/2859.full#F4
http://humrep.oxfordjournals.org/content/25/11/2859.full#ref-20
http://humrep.oxfordjournals.org/content/25/11/2859.full#ref-23
http://humrep.oxfordjournals.org/content/25/11/2859.full#ref-10
http://humrep.oxfordjournals.org/content/25/11/2859.full#ref-30
http://humrep.oxfordjournals.org/content/25/11/2859/F6.expansion.html


 

79 

 

al., 1999). Other researchers have used AZA to differentiate cells. For instance, when AZA was 

used on cancer cell lines, sequential microarrays taken every 24 h over 5 days showed that the 

cytoskeletal reorganization and extracellular matrix genes were prominently involved (Arai et al., 

2006). There are many reports of AZA differentiating stem cells (Taylor and Jones, 1979; Taylor, 

1993; Choi et al., 2004) and that cytoskeletal gene regulation was important (Ye et al., 2006).  

AZA treatment up-regulated several intermediate filaments, including the keratins KRT8, KRT19, 

KRT32, vimentin and desmin. Although stromal cells are normally negative for keratins (Richards 

et al., 1995), it has been shown by Koskull and Virtanen (1987) that endometrial stromal cells 

grown in an enriched medium in vitro could become keratin-positive and express keratins 8, 18 

and 19, which suggested a differentiation from mesenchymal to epithelial cell type. Vimentin and 

desmin are both endometrial stromal cell markers. Vimentin, a marker of mesenchymal cells, 

marks stromal cells whether decidualized or not; whereas desmin marks only decidualized 

stromal cells (Moll et al., 1982; Can et al., 1995). The stromal cells treated by AZA and 

AZA/MPA-mix have both the mesenchymal and the epithelial markers up-regulated and co-

expressed, i.e. vimentin and keratin, as well as the decidualization marker, desmin.  

The method of action of AZA passively inhibits DNA methylation by incorporating into the DNA, 

binding with the DNMTs and thereby reducing the availability of the DNMTs to methylate CpGs 

during new chromosomal strand replication (Patra and Bettuzzi, 2009). It is important to note 

that even though AZA inhibits passive DNA methylation, AZA can also regulate gene expression 

and other molecular paths, such as the DNA damage pathway, independently from DNA 

methylation inhibition (Karpf et al., 2001).  

Epigenetic mechanisms have already been implicated in decidualization and the function of the 

endometrium. In endometrial tissues, our group found that there is a significant down-regulation 

of mRNA expression of DNMT3A and DNMT3B in the secretory phase compared with the 

proliferative phase of the menstrual cycle, which coincides with the decidualization of stromal 

cells (Vincent et al., 2010). Yamagata et al. (2009) reported that mRNA expressions of DNMT1 

and DNMT3A in endometrial tissue were significantly down-regulated in the mid-secretory phase 

compared with the proliferative phase tissue. Apart from methylation, the other main epigenetic 

mechanism, histone acetylation has been investigated in the endometrium by our group and 

others (Sakai et al., 2003). Munro et al. (2010) showed that global histone acetylation levels 

changed across the menstrual cycle, and mostly peaked during the early to mid-secretory 

phases, i.e. at decidualization. DNA methylation and histone acetylation both remodel chromatin 

and generally there is an interaction between these two (Fuks et al., 2003), but there is also a 

separate, independent role for each (Ferguson et al., 1998).  

If DNA methylation regulates some aspects of decidualization, then possibly aberrant DNA 

methylation might be pathological. Aberrant DNA methylation has been found to be associated 

with endometrial diseases. Wu et al. (2007) found that ectopic endometriosis was aberrantly 

hypermethylated due to the up-regulation of all three DNMTs: 1, 3A and 3B, and this reduced the 

expression of HOXA10, an important transcription factor in uterine receptivity. Environmental 

and internal factors might adversely affect the endometrium by altering the epigenetic status of 

the genes in the endometrium. Internal factors include maternal ageing and ‘epigenetic drift’; 

and environmental factors can be maternal diet, smoking, alcohol and stress levels (Jaenisch and 

Bird, 2003; Martin, 2005; Kovalchuk, 2008; Baccarelli and Bollati, 2009).  

http://humrep.oxfordjournals.org/content/25/11/2859.full#ref-2
http://humrep.oxfordjournals.org/content/25/11/2859.full#ref-2
http://humrep.oxfordjournals.org/content/25/11/2859.full#ref-69
http://humrep.oxfordjournals.org/content/25/11/2859.full#ref-68
http://humrep.oxfordjournals.org/content/25/11/2859.full#ref-68
http://humrep.oxfordjournals.org/content/25/11/2859.full#ref-9
http://humrep.oxfordjournals.org/content/25/11/2859.full#ref-76
http://humrep.oxfordjournals.org/content/25/11/2859.full#ref-56
http://humrep.oxfordjournals.org/content/25/11/2859.full#ref-56
http://humrep.oxfordjournals.org/content/25/11/2859.full#ref-33
http://humrep.oxfordjournals.org/content/25/11/2859.full#ref-44
http://humrep.oxfordjournals.org/content/25/11/2859.full#ref-7
http://humrep.oxfordjournals.org/content/25/11/2859.full#ref-50
http://humrep.oxfordjournals.org/content/25/11/2859.full#ref-26
http://humrep.oxfordjournals.org/content/25/11/2859.full#ref-70
http://humrep.oxfordjournals.org/content/25/11/2859.full#ref-75
http://humrep.oxfordjournals.org/content/25/11/2859.full#ref-60
http://humrep.oxfordjournals.org/content/25/11/2859.full#ref-45
http://humrep.oxfordjournals.org/content/25/11/2859.full#ref-13
http://humrep.oxfordjournals.org/content/25/11/2859.full#ref-11
http://humrep.oxfordjournals.org/content/25/11/2859.full#ref-74
http://humrep.oxfordjournals.org/content/25/11/2859.full#ref-25
http://humrep.oxfordjournals.org/content/25/11/2859.full#ref-25
http://humrep.oxfordjournals.org/content/25/11/2859.full#ref-41
http://humrep.oxfordjournals.org/content/25/11/2859.full#ref-34
http://humrep.oxfordjournals.org/content/25/11/2859.full#ref-4
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The AZA treatment of endometrial stromal cells seems to have activated the cytoskeletal 

reorganization pathway of the RhoGTPase family. We found that AZA treatment induced some 

decidualization-like responses from endometrial stromal cells, independently of progestins or 

cAMP; these responses inhibited cell proliferation, changed the cellular morphology, up-

regulated the decidualization marker gene desmin and regulated many genes similar to that of 

the MPA-mix treatment. This indicates a possible role for DNA methylation at the 

commencement of decidualization of endometrial stromal cells. This conclusion adds another 

dimension of epigenetic mechanisms to the already complex differentiation of endometrial 

stromal cells, which has yet to be fully elucidated. It also raises the possibility that maternal and 

environmental factors might alter the DNA methylation status of the endometrium.  
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3.1.    Abstract 

 
Objective: Differentiation of endometrial stromal cells into decidual cells is crucial for 

optimal endometrial receptivity. Data from our previous microarray study implied that 

expression of many cell cycle regulators are changed during decidualization and inhibition of 

DNA methylation in vitro. In this study, we hypothesised that both the classic progestin 

treatment and DNA methylation inhibition would inhibit stromal cell proliferation and cell 

cycle transition.  Methods: The human endometrial stromal cell-line (HESC) was treated 

from 2 days to 18 days with the DNA methylation inhibitor, 5-aza-2‘-deoxycytidine (AZA), a 

mixture of estradiol/progestin/ cAMP [medroxy-progesterone acetate (MPA-mix)] or both. 

Cell growth was measured by cell counting, cell cycle transition and apoptosis were analysed 

by flow cytometry, expression of cell cycle regulators were analysed by qPCR and western 

blotting, and change in DNA methylation profiles were detected by methylation specific 

PCR. Results: AZA and MPA-mix inhibited the proliferation of HESC for at least 7 days. 

MPA-mix-treatment resulted in an early G0/G1 inhibition followed by G2/M phase inhibition 

at 18 days. In contrast, AZA-treatment inhibited cell cycle progression at the G2/M phase 

throughout. The protein levels of p21
Cip1

and 14-3-3σ were increased with both AZA and 

MPA-mix treatments without any change in the genes‘ DNA methylation profiles.  

Conclusions: Our data imply that the decidualization of HESC is associated with cell cycle 

arrest at G0/G1 phase initially and G2/M phase at later stages. Our results also suggest that 

p53 pathway members play a role in the cell cycle regulation of endometrial stromal cells. 
 

Keywords  

endometrial stromal cell / decidualization / DNA methylation / p53 / 14-3-3 sigma  
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3.2.    Introduction 

Decidualization of endometrial stromal cells is a prerequisite for successful embryo 

implantation and establishment of a placenta, which will sustain the pregnancy to term. 

Impaired decidualization can lead to implantation failure, miscarriage, or even pathological 

pregnancy, such as pre-eclampsia or intrauterine growth restriction. (Strowitzki et al. 2006)  

 

Generally, cellular differentiation follows cell cycle arrest and inhibition of cell proliferation, 

which is the case in the decidualization of endometrial stromal cells. (Derynck and Wagner 

1995; Loercher et al. 2005; Rider et al. 2005)  Following cell cycle arrest, the spindly, 

fibroblast-like stromal cells are ready to differentiate into larger, rounder, decidual cells. 

Decidualization in vivo is regulated by progesterone and the cyclic adenosine monophosphate 

(cAMP) pathway. It has been shown that cAMP (which is triggered by the spike of 

luteinizing hormone) has an initial, more rapid decidualization response, while progesterone 

has a slower and persistent response. (Gellersen and Brosens 2003; Tierney et al. 2003)  

Hence, the fast-acting cAMP initiates decidualization by activating the protein kinase A 

pathway (PKA), which sensitizes the stromal cells to the slow-acting progesterone, and in a 

cross-talk cAMP and progesterone arrest the cell cycle and inhibit proliferation. (Telgmann et 

al. 1997; Gellersen and Brosens 2003)  Generally, cells being differentiated are arrested at the 

G0/G1 phase. However, a small minority of specialized cell-types such as trophoblasts and 

megakaryocytes, can also be arrested at the G2/M phase. (Yoshino et al. 1996; Zarrilli et al. 

1999; Hattori et al. 2000; Devlin et al. 2003)  

 

Both cAMP and progesterone activate the molecular mechanisms of cell cycle arrest, which 

involves many cell cycle regulator proteins. cAMP through the up-regulation of FOXO1 and  
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progesterone receptor A (PRA), down-regulation of cyclin D1 (Fig. 1) (Schmidt et al. 2002; 

Qian et al. 2005; Takano et al. 2007) and inhibition of retinoblastoma protein arrests the cells 

at G1 phase and prevents entry into the S phase. (Cobrinik 2005; Cloke et al. 2008)  The fast-

acting cAMP induces a fully decidualized phenotype within 3 days, in vitro, whereas the 

slow-acting progesterone has a late response after 14 to 23 days of treatment to induce a fully 

decidualized phenotype. (Tulac et al. 2006; Cloke et al. 2008; Aghajanova et al. 2011)  

Hence, cAMP and progesterone have two separate pathways that cross-talk to regulate the 

cell cycle and decidualization. 

 

Figure 3.1. The cell cycle has four phases of G1 (gap 1), S (synthesis), G2 (gap 2), M 

(mitosis), and the quiescent G0 phase. Selected key cell cycle regulator proteins that either 

induce or inhibit progression are shown. G1 to S phase inducers are cyclin D1 and cyclin E, 

G1 to S phase inhibitors are Rb (retinoblastoma), PR-A (progesterone receptor A), FOXO1 

and p21
Cip1

; G2/M inducers are cyclin B1 and Cdc2, and G2/M inhibitors are p53, p21
Cip1

 and 

14-3-3 σ. 2n 2 chromosomes, 4c 4 chromatids. 

 

Cell cycle arrest at the G2/M phase generally involves the p53 related pathway, which 

includes p53, p21
Cip1

 (CDKN1A), and 14-3-3σ (stratifin) (Fig. 1). (Levine et al. 2006)  The 

stabilization of p53 up-regulates p21
Cip1

 and 14-3-3σ, which inactivates Cdc2 and cyclin B1. 

(Taylor 2001)  p21
Cip1

 is the universal regulator of both G0/G1 and G2/M checkpoints. Under 
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stress conditions p53 and p21
Cip1

 can arrest the cell cycle at the G1 phase. (Taylor 2001)  In 

endometrial stromal and epithelial cells, progesterone treatment, without cAMP, has been 

shown to arrest the cell cycle at the G2/M phase by decreasing cyclin B1 protein expression. 

(Tang et al. 2009) 

 

Increasing evidence from our group and others suggests that epigenetic mechanisms, such as 

histone acetylation and DNA methylation, regulate decidualization. (Sakai et al. 2003; 

Yamagata et al. 2009; Logan et al. 2010; Munro et al. 2010; Vincent et al. 2011)  We 

recently reported that treating the human endometrial stromal cell-line (HESC) with 5-aza-2‘-

deoxycytidine (AZA) to inhibit DNA methylation partially induced decidualization, possibly 

through members of the RhoGTPase family (Logan et al. 2010)  that reorganize the 

cytoskeleton and are involved in cell cycle regulation. (Lamarche et al. 1996; Coleman et al. 

2004)  Cytoskeletal reorganization, biochemical signaling and mechanical forces, all 

interacting together, regulate progression of the cell cycle. (Olson et al. 1995; Welsh 2004; 

Mammoto and Ingber 2009)   The molecular and epigenetic mechanisms regulating 

decidualization, including the cell cycle, are still not fully understood.    

 

The aim of this project was to obtain a better understanding of the mechanisms of cell cycle 

regulation during human stromal cell decidualization induced by classic inducers and by a 

DNA methylation inhibitor. We hypothesized that the cell cycle progression would be 

inhibited at G0/G1 phase in response to both treatments.   
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3.3.    Materials and Methods 

3.3.1.    Cell culture 

The original HESC cell-line developed by Lockwood and colleagues came from endometrial 

stromal cells from myomas in the uterus of a patient and were immortalised with telomerase 

(hTERT - human telomerase reverse transcriptase). (Krikun et al. 2004)  The HESC were 

cultured as described previously (Logan et al. 2010).  We have measured the mRNA 

expression and protein levels of the established biochemical markers of decidualization, 

prolactin and IGFBP1, in HESC (Logan et al. 2010) and progesterone receptor expression is 

evident in the low passage HESC used in these experiments (passage numbers 16 – 24). 

3.3.2.    Treatment with AZA and MPA-mix 

The HESC cells were treated with 15µM AZA (Sigma-Aldrich, St. Louis, MO, USA) and 

MPA-mix [17β-estradiol, medroxyprogesterone acetate (MPA), cAMP] in 2% FBS-

supplemented media (Kasahara et al. 2001).  The MPA-mix was formulated using the 

published concentrations for decidualizing endometrial stromal cells (Tang et al. 1993a).  The 

concentrations used were 1µM MPA (Calbiochem®, Sigma-Aldrich); 10nM 17β-estradiol 

(Sigma-Aldrich); 0.1mM dibutyryl cAMP) (Sigma-Aldrich) (Kasahara et al. 2001).  

 

3.3.3.    Total cell count assay  

The HESC cells were plated at 30% confluency, treated for 2, 4, 7, and 10 days, collected by 

trypsinization, and stained with trypan blue to exclude any dead cells from the cell count, 

which was carried out in a hemocytometer. There were three independent experiments and in 

each experiment the treatments were in triplicate. 
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3.3.4.    Flow cytometry to detect cell cycle arrest and apoptosis 

The cell cycle and apoptosis assay was based on propidium iodide staining of the nuclei of 

HESC. For cell cycle analysis the cells were trypsinized, centrifuged at 2000g for 5 minutes, 

the supernatant discarded and the pellet resuspended in 2ml PBS. A fixation buffer of cold 

80% ethanol in PBS was added drop-wise into the cell suspension and the fixed cells were 

stored at -20
0 

C. Prior to flow cytometry, the cells were centrifuged at 300g for 5 min, the 

supernatant discarded and the cells washed in PBS. The supernatant was discarded and the 

cells resuspended in 500µl staining solution in PBS. The staining solution consisted of 

RNaseA (Sigma-Aldrich) at 50µg/ml and Triton X-100 (Sigma-Aldrich) at 1:1000. The cells 

were incubated for 40 min at room temperature. Propidium iodide (Sigma-Aldrich) at 

10µg/ml was added directly to the cell solution and vortexed gently to stain the cells, and 

incubated for 30 min in the dark. The cell sample was analysed by flow cytometry for the 

DNA content of each cell (FACS-AriaII, BD Biosciences, San Jose, CA, USA). The 

percentages of cells at sub-G1 (apoptotic cells), G0/G1, S or G2/M phases of the cell cycle 

were determined from the histograms by region integration using the ModFit LT data 

analysis application (Verity Software House, Topsham, ME, USA).  

3.3.5.    Total RNA extraction and quantitative real-time PCR 

(qPCR) 

Total RNA was extracted from HESC cells using TRIZol® (Invitrogen Life Technologies, 

Auckland, New Zealand) according to the manufacturer‘s instructions. Total RNA of 1μg for 

each sample was DNase treated and converted to cDNA PCR using SuperScript III and 

random hexamers (Invitrogen Life Technologies). The mRNA expression p21
Cip1

 and cyclin 

D1 was measured by quantitative real-time PCR using SYBR Green (Invitrogen Life 

Technologies), according to the manufacturer‘s instructions, and performed in the ABI Prism 
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7900HT Sequence Detection System (Applied Biosystems, Foster City, CA, USA) with SDS 

2.1 software. The mean Ct values of the triplicates for each treatment of each gene were 

normalised against the Ct values of the reference gene 18S rRNA. The primer sequences and 

amplicon sizes are shown in Table 3.1. 

Table 3.1. Primer sequences for qPCR amplification and Methylation Specific PCR 

(MSP) 

 

Primer name                                  Primer sequence                                 Amplicon size (bp)       

18S  rRNA     sense                   CGG CTA CCA CAT CCA AGG AA                               187bp    

18S  rRNA     antisense             GCT GGA ATT ACC GCG GCT                      

Cyclin D1       sense                   ACG AAG GTC TGC GCG TGT T                                  323bp      

Cyclin D1       antisense             CCG CTG GCC ATG AAC TAC CT                     

p21
Cip1 

            sense                   CCT CAT CCC GTG TTC TCC TTT                                97bp        

p21
Cip1

            antisense              GTA CCA CCC AGC GGA CAA GT                                                               

 

MSP 

p21
 
methylated sense                   TTC GGG GAG GGC GGT TTC                                     59bp   

p21  methylated antisense            CTC AAA AAA ACG AAA CCC GCG 

p21 unmethylated sense               GGT TTT GGG GAG GGT GGT TT 

p21 unmethylated antisense         CAC CTC AAA AAA ACA AAA CCC ACA  

14-3-3σ methylated sense            TGG TAG TTT TTA TGA AAG GCG TC                     106bp   

14-3-3σ methylated antisense      CCT CTA ACC GCC CAC CAC G 

14-3-3σ unmethylated sense        ATG GTA GTT TTT ATG AAA GGT GTT 

14-3-3σ unmethylated antisense  CCC TCT AAC CAC CCA CCA CA                     

 

3.3.6.    Western Blotting Analysis 

Total protein extracts from HESC cells (40μg) were diluted in 6x reducing Laemmli‘s sample 

buffer [60mM TRIS pH= 6.8, 25% glycerol, 2% SDS, 0.1% bromophenol blue, 5% 2-

mercaptoethanol], separated by 10% SDS-PAGE, and transferred onto a polyvinylidene 

fluoride (PVDF) membrane (Bio-Rad Laboratories). Membranes were blocked with TBST 

(3% fat-free milk in TBS containing 0.1% Tween 20), and incubated overnight at 4
0
C with 

respective primary antibodies (p53 1:1000 dilution (Ab-2) PAb1801 (Calbiochem, Sigma-



 

89 

 

Aldrich); cyclin D1 1:600 dilution #33-3500 (Zymed Laboratories, Invitrogen Life 

Technologies); cyclin B1 1:200 dilution #sc-245 (Santa Cruz Biotechnology, Santa Cruz, CA, 

USA); 14-3-3σ 1:500 dilution #sc-7681 (Santa Cruz Biotechnology); p21
Cip1

 1:500 dilution 

(c-19) #sc-397 (Santa Cruz Biotechnology)). A secondary antibody of a conjugated 

peroxidase was used at 1:3000 dilution. Chemiluminescence detection by Super-Signal West 

Dura (Thermo Scientific, IL, USA) was performed according to the manufacturer‘s 

instructions, and the films were scanned by a densitometer (GS-800 Calibrated densitometer, 

Bio-Rad Laboratories). To detect the β-actin loading control, the membranes were reprobed 

with a mouse monoclonal anti-β-actin antibody (Santa Cruz Biotechnology).    

 3.3.7.    Methylation Specific PCR after bisulphite conversion 

Genomic DNA was extracted from the treated HESC using a PureLink kit (Invitrogen Life 

Technologies). The genomic DNA from each sample (1μg) was bisulphite-converted using an 

EZ DNA Methylation™ kit (Zymo Research, Orange, CA, USA) according to the 

manufacturer‘s instructions. The bisulphite-converted DNA was combined with Platinum® 

Blue PCR Supermix (Invitrogen Life Technologies) and the MSP primers for p21
Cip1

 and 14-

3-3σ (Table 1) and run on a GeneAmp® PCR System 9700 thermocycler (Applied 

Biosystems). The PCR conditions for p21
Cip1

 are in (Jiemjit et al. 2008) and for 14-3-3σ 

(Ferguson et al. 2000). The amplified PCR products were visualised with ethidium bromide 

on 2% agarose gel. The MSP primer set for 14-3-3σ is discussed in (Ferguson et al. 2000), 

and the MSP primer set for p21
Cip1

 is discussed in (Jiemjit et al. 2008). For the MSP controls, 

genomic DNA from the LNCaP cell-line with known levels of DNA methylation for p21
Cip1 

and 14-3-3σ were used. 
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3.3.8.    Statistical analysis 

Data were graphed and analysed on GraphPad Prism software (version 5.01 for Windows, 

San Diego, CA, USA, www.graphpad.com) using the unpaired two-tailed Students t-test. All 

data are expressed as means and standard error (± SEM) and P<0.05 was considered to be 

statistically significant. 

3.4.    Results 

3.4.1.    AZA and MPA-mix treatments inhibit HESC 

proliferation 

The treatments of AZA and the combination of AZA/MPA-mix significantly inhibited HESC 

proliferation for the entire 10 day period in the total cell count assay (Fig. 2). The MPA-mix 

treatment significantly inhibited proliferation of HESC for at least 7 days followed by 

proliferation to 10 days. The untreated control HESC proliferated logarithmetically for 10 

days. The inhibition of proliferation from the treatments correlated with the transformation of 

the cellular morphology and early decidualization.  

3.4.2.    AZA and MPA-mix treated HESC had minimal apoptosis  

To determine whether proliferation inhibition was caused by apoptosis we analysed the 

HESC by flow cytometry. Flow cytometry measured late apoptosis from propidium iodide 

staining in HESC nuclei. The amount of apoptosis can be seen to the left of the G0/G1 peak 

in the histograms of Figure 3. The treated and control HESC had minimal apoptosis for the 2, 

10 and 18 days (Fig. 3). The results indicate that the decrease in total cell number of treated 

HESC compared to control was by cell cycle inhibition and not by apoptotic cell death. 
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3.4.3.    The three treatments inhibited cell cycle progression at 

different phases 

We analysed the HESC by flow cytometry to determine the cell cycle profile for each 

treatment and the control at 2, 10 and 18 days (Fig. 3, Table 2).  

G0/G1 phase: AZA consistently reduced the number of cells in G0/G1 phase following 2, 10 

and 18 days of treatment. The combined treatment reduced the cell number in G0/G1 phase 

after 10 and 18 days. In contrast, significantly more MPA-mix treated cells were in G0/G1 

phase after 2 days compared to control cells. After 10 days of treatment, there was no 

 

 

Figure 3.2.  Treating HESC cells with AZA, MPA-mix and combination AZA/MPA-mix 

inhibited cell proliferation over 10 days compared to the control [15 μM AZA (5-aza-2‘-

deoxycytidine), MPA-mix (1 μM MPA, 10 nM estradiol, 0.1 mM dibutyryl cAMP)]. The 

cells were counted in a total cell count assay. The y-axis represents mean cell number per 

field of a hemocytometer. (mean ± SEM, n=3  *** P< 0.001 for treated versus control cells.) 
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difference between MPA-mix-treated and control cells and after 18 days there were fewer 

MPA-mix-treated cells than control cells in G0/G1 phase. S phase: Significantly more AZA-

treated cells were in S phase after 10 and 18 days compared to control cells. The combined 

treatment had significantly fewer cells in S phase after 2 days but significantly more after 18 

days, compared to control. Similarly, significantly fewer MPA-mix-treated cells were found 

in S phase after 2 days and 10 days, but not after 18 days of treatment. 

G2/M phase: There were significantly more cells in G2/M phase following AZA and the 

combined treatments after 2, 10 and 18 days compared to the control. In contrast, MPA-mix 

treatment had significantly fewer cells in G2/M phase after 2 days of treatment compared to 

the control. However, this trend was reversed and significantly more cells were in G2/M 

phase following 10 and 18 days of MPA-mix treatment than control.  

Overall, each of the three treatments and control had different cell cycle profiles and this 

reflected the different effects of each treatment on the inhibition of HESC proliferation, the 

transformation of cellular morphology, and decidualization. 

 

3.4.4.    AZA up-regulated the gene expression of cell cycle 

regulators  

To understand the molecular mechanism of cell cycle inhibition induced by the three 

treatments we measured the gene expression and protein levels of key genes regulating the 

cell cycle transition between G0/G1 and S phases and between S and G2/M phases. In our 

recently published microarray, the gene expression of p21
Cip1

 and cyclin D1 was significantly 

up-regulated by AZA treatment of HESC (Logan et al. 2010). To investigate the gene 

expression of p21
Cip1

 and cyclin D1, we treated HESC with the three treatments for 10 days 

and analysed the mRNA expression by qPCR. Cyclin D1 was significantly up-regulated by 
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AZA after 10 days of treatment, while MPA-mix and the combined treatments significantly 

down-regulated cyclin D1 gene expression (Fig. 4A). Both AZA and the combined treatment 

significantly up-regulated p21
Cip1

 compared with control (Fig. 4B), while MPA-mix 

treatment did not have any significant change. The results of p21
Cip1

 and cyclin D1 gene 

expression correspond to the data obtained in our microarray.  
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Figure 3.3.  Treating HESC cells with AZA and MPA-mix and the combination 

AZA/MPA-mix arrested the cell cycle at the G0/G1 or G2/M phases. The cell cycle 

results were taken from the three time points of (A) 2 days (B) 10 days (C) 18 days. The y-

axis represents percentage of cells. The x-axis, from the left, represents apoptosis (sub-G1) 

and the cell cycle phases of G0/G1, S, and G2/M. One representative result was shown for 

each graph. (mean ± SEM, n=3,  * P< 0.05,  ** P< 0.01,   *** P< 0.001.)  
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 Table 3.2. Cell cycle phases of AZA and MPA-mix treated HESC and control (mean ± 

SEM, n = 3, * P< 0.05,  ** P< 0.01,   *** P< 0.001) 

 

  G0/G1 

% 

S 

% 

G2/M 

% 

Control 2 day 88.2 ± 1.7 5.4 ± 1.3 6.4 ± 0.3 

 10 day 94.8 ± 0.3 1.1 ± 0.2 4.2 ± 0.1 

 18 day 92.7 ± 0.9 2.2 ± 0.4 5.1 ± 0.7 

AZA 2 day 81.6 ± 2.1 * 4.8 ± 0.6 13.6 ± 1.5  *** 

 10 day 68.8 ± 2.3 *** 2.0 ± 0.2 * 29.1 ± 2.2 *** 

 18 day 76.7 ± 1.8 *** 7.6 ± 2.0 ** 15.7 ± 2.0 *** 

MPA-mix 2 day 94.5 ± 1.0 ** 1.0 ± 0.2 ** 4.5 ± 0.8 * 

 10 day 93.9 ± 0.6 0.4 ± 0.1 ** 5.8 ± 0.6 * 

 18 day 87.0 ± 1.8 ** 3.1 ± 0.5 9.9 ± 1.3 * 

AZA/MPA 2 day 86.2 ± 2.9 1.8 ± 0.6 ** 12.0 ± 2.7 * 

 10 day 77.5 ± 6.0 ** 1.3 ± 0.5 21.2 ± 5.8 ** 

 18 day 70.0 ± 1.6 *** 11.3 ± 1.6 *** 18.8 ± 0.8 *** 
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Figure 3.4.  The AZA, MPA-mix and combination AZA/MPA-mix treatments of HESC 

regulated the molecular mechanisms of the cell cycle. The mRNA expression of cell cycle 

regulator genes cyclin D1 and p21
Cip1

 at 10 days was determined by quantitative real-time PCR. (A) 

cyclin D1 (B) p21
Cip1

. The y-axis represents the fold change of mRNA levels following the three 

treatments compared to the control. Protein levels of cell cycle regulators over 18 days from western 

blotting analysis: (C) p53 (D) p21
Cip1 

(E) 14-3-3σ (F) cyclin B1 (G) cyclin D1 The y-axis represents 

the fold change of protein levels following the different treatments compared to the control. (H) 

Representative western blottings are shown for the five cell cycle proteins at 2, 10 and 18 days. β-

actin was the loading control and all results were corrected against it. (mean ± SEM, n = 3,  * P< 0.05, 

** P< 0.01, *** P< 0.001.)   
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Figure 3.4 (continued). 

3.4.5.    Cell cycle regulator proteins  

The effect of the treatments on the expression of key cell cycle regulatory proteins were 

analysed using western blotting. These proteins include the members of p53 related pathway: 

p53, p21
Cip1

, 14-3-3σ, cyclin B1, and cyclin D1.  

p53: No immediate changes were seen in p53 expression in response to any of the treatments 

after two days (Fig. 4C). However, p53 protein expression was significantly increased with 

AZA and the combined treatments after 10 days and with all three treatments after 18 days. 

p21
Cip1

: AZA and MPA-mix treatments had an immediate effect on p21
Cip1

 expression with a 

significant increase after two days of treatments (Fig. 4D). The effect was lost after 10 and 18 



 

97 

 

days for MPA-mix treatment and after 18 days for AZA treatment. The combined treatment 

did not have any significant effect on p21
Cip1

 expression. 

14-3-3σ  All three treatments significantly increased 14-3-3σ expression after two days (Fig. 

4E). This increase persisted after 10 days with results approaching significance. The 

significant increase was still evident after 18 days in response to MPA-mix and combined 

treatments.  

cyclin B1: AZA and the combined treatments significantly increased cyclin B1 expression 

throughout the time course, while a significant increase was only seen after 10 days of MPA-

mix treatment (Fig. 4F). 

cyclin D1: AZA treatment had a stimulatory effect on cyclin D1 expression throughout the 

time course, from significant at two days till 18 days when it was approaching significance 

(Fig. 4G). MPA-mix treatment had an inhibitory effect after 10 and 18 days, while the results 

from the combined treatment were somewhat conflicting with no significant changes after 2 

and 18 days and a significant reduction after 10 days. 

Interestingly, for 14-3-3σ at 10 days of treatment, AZA and the combined treatment induced 

the expression of the alternative isoform of 14-3-3σ   kDa) as well as the predominant 

isoform (28 kDa) (Fig. 4H). 

3.4.6.    AZA and MPA-mix treatments did not change the 

methylation of p21
Cip1

  or   14-3-3σ  

Change of expression of the p21
Cip1

 and 14-3-3σ genes may at least partially explain the cell 

cycle inhibition at the G0/G1 and G2/M phases.  We tested the methylation status of the 

p21
Cip1

 and 14-3-3σ genes by Methylation Specific PCR (MSP). p21
Cip1

 was unmethylated 

after 2 days for the three treatments and control (Fig. 5A), and remained unmethylated after 

10 days (data not shown). For 14-3-3σ, the three treatments did not change the methylation 
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pattern of the gene, compared with the control after 2 days (Fig. 5B) or 10 days (data not 

shown). The unchanged DNA methylation pattern of p21
Cip1

 and 14-3-3σ from the three 

treatments of HESC means that demethylation did not up-regulate the gene expression and 

there is probably another mechanism up-regulating the gene expression of p21
Cip1

 and 14-3-

3σ. (Milutinovic et al. 2000)

 

Figure 3.5.  DNA methylation profiles of HESC treated with AZA, MPA-mix and 

combination AZA/MPA-mix remained unchanged at two days compared to the control in 

Methylation Specific PCR (MSP) of the G2/M phase cell cycle regulators p21
Cip1 

and 14-3-

3σ. MSP samples were from bisulphite-converted genomic DNA. One representative result was taken 

from three independent experiments. (A) p21
Cip1

  (B) 14-3-3σ.  u = unmethylated, m = methylated.  

Diagrams of (C) promoter region p21
Cip1

, and (D) 5‘ region of single exon
 
14-3-3σ. CpG dinucleotides 

are represented by numbered, filled circles, the associated CpG island by the horizontal white bar, the 

MSP amplicon by the black bar and the transcription start site by TSS.                
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3.5.    Discussion 

 

In this study we demonstrated that both AZA and MPA-mix treatments inhibit human 

endometrial stromal cell proliferation. This inhibition was associated with consistently 

increased G2/M arrest of HESC from AZA treatment throughout the treatment. In contrast, 

MPA-mix treatment caused significantly more cells to be arrested at G0/G1 phase after 2 

days and then the profile gradually changed over time with similar results to AZA treatment 

after 18 days. Furthermore, as far as we know, our data show for the first time that the up-

regulation of 14-3-3σ expression is associated with decidualization and that AZA and MPA-

mix treatments increased expression of the p53 activation pathway, including p53, p21
Cip1

 

and 14-3-3σ compared to the control in HESC.  

 

The initial arrest of HESC by MPA-mix at G0/G1 could be attributed to the cross-talk 

between cAMP and MPA in the treatment mix, as cAMP has been shown to be the initial 

inducer of decidualization, which sensitizes the stromal cells to progesterone action. cAMP 

treatment has been associated with increased G0/G1 arrest in ovarian cancer cells in vitro. 

(Horiuchi et al. 2005) It has also been shown that treatment with progesterone alone, without 

cAMP, arrested endometrial cells at G2/M phase. (Tang et al. 2009)  

 

The observed G2/M arrest by MPA-mix and AZA treatment is likely through the up-

regulation of 14-3-3σ. 14-3-3σ is a cell cycle regulator and has been shown to arrest cells at 

G2/M phase by sequestering cyclin B1, Cdc2 and Cdc25C into the cytoplasm. (Chan et al. 

1999)  The binding of 14-3-3σ to cyclin B1 might explain why the increased levels of cyclin 

B1 from the treatments do not interfere with the cell cycle arrest at G2/M. 14-3-3σ also 

interacts with RACGAP1, a member of the RhoGTPase family of cytoskeletal reorganisation 
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proteins and cell cycle regulators. (Schultz et al. 2009)  AZA treatment of HESC up-

regulated RACGAP1 gene expression in our microarray. (Logan et al. 2010)  Increased 

RACGAP1 has been shown to be associated with cell cycle arrest at G2/M phase. (Olson et 

al. 1995; Grewal et al. 2008)  

 

p53 induces the expression of 14-3-3σ and p21
Cip1

 in other tissues. (Levine et al. 2006)  In 

contrast, the p53-induced expression of  p21
Cip1 

has not been seen in endometrial stromal 

cells. (Pohnke et al. 2004)  Our results confirmed that up-regulation of p21
Cip1 

by all three 

treatments was independent of p53 as the p21
Cip1

 occurred earlier than the p53 up-regulation. 

It was surprising to note that regardless of the up-regulation of 14-3-3σ and p21
Cip1

 in 

response to MPA-mix and AZA treatments, there was no change in the methylation of the 

promoters of both genes. The 14-3-3σ gene has been shown to be regulated by DNA 

methylation in certain cancers. (Ferguson et al. 2000; Kaneuchi et al. 2004; Schultz et al. 

2009)  In HESC, the p21
Cip1 

gene was unmethylated prior to treatment; but nevertheless was 

up-regulated by AZA treatment. This up-regulation of a gene in response to AZA, with no 

change in DNA methylation, has been demonstrated in other cell-types. (Milutinovic et al. 

2000; Murakami et al. 2004; Scott et al. 2006)  There is also a possibility that methylation 

changes have occurred in regions that were not examined by this study.  

 

The S phase of the cell cycle is a measure of proliferation. AZA treatment increased the 

number of HESC entering S phase after 10 and 18 days, while MPA-mix decreased the 

number of HESC entering S phase after 2 and 10 days. Increased expression of cyclin D1 has 

been shown to stimulate progression from G1 to S phase. (Quelle et al. 1993)  Our results 

correlate well with this finding as AZA treatment up-regulated, while MPA-mix down-

regulated cyclin D1 in HESC from 10 days. Our previously published microarray data also 
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showed that AZA up-regulated PAK1 (p21 protein (Cdc42/Rac)-activated kinase 1), (Logan 

et al. 2010)  which in turn has been demonstrated to induce cyclin D1 expression. (Nheu et 

al. 2004)  Passive demethylation of DNA requires that cells progress through the S phase 

followed by DNA replication. AZA is not a demethylating agent; rather it inhibits DNA 

methylation globally through passive demethylation, by the depletion of the DNA 

methyltransferases. (Yang et al. 2004; Patra and Bettuzzi 2009)  Therefore when AZA-

treated HESC progressed through the S phase to G2/M phase, it enables passive DNA 

demethylation of the daughter chromatids.  

 

When cells are arrested at the G2/M phase, there are 4 chromatids in the nucleus of each cell, 

i.e. double the DNA content, and this is polyploidy if the cell remains arrested. Decidual cells 

may potentially benefit from polyploidy, for example by increased protein expression and 

enhanced mitochondrial activity; and resistance to DNA damage and apoptosis. (Edgar and 

Orr-Weaver 2001; Ma et al. 2011) Moreover, in the closest animal model of the human 

endometrium, a proportion of the decidual cells in mice and rats were shown to be polyploid 

(about 35% of decidual cells in the secondary decidual zone in mice on day 7). (Moulton and 

Koenig 1984; Tan et al. 2002)  Whether this could be the case in human is unknown (Heijden 

and James 1975) and so further investigation into the exact mechanism, function, and role of 

cell cycle inhibition in G2/M phase during decidualization is required. 

 

Both AZA and MPA-mix treatments had a late, sustained increase of p53. An increase of p53 

in cells is often a response to cellular stress, such as DNA damage. (Levine et al. 2006)  

Generally, p53, called the ―guardian of the genome‖, protects the cell from DNA damage by 

triggering apoptosis or by arresting the cell cycle to repair the damaged DNA. p53 rapidly 

increases in response to acute stress, and then is quickly degraded, (Lakin and Jackson 1999)  

but our data show that p53 had a delayed response and was subsequently stabilised in HESC. 

There are at least three possible mechanisms that could have stabilised p53 in HESC. Firstly, 
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cAMP-induced decidualization has been shown to stabilise p53 protein levels from 4 days 

and maintains a high level thereafter in decidual cells, (Pohnke et al. 2004; Schneider-Merck 

et al. 2006)  which corresponds to our result of the late increase in p53.  Secondly, 14-3-3σ 

has been shown to regulate p53 stabilisation. (Hermeking et al. 1997; Yang et al. 2003)  

Finally, p53 could be stabilised by desumoylation. Desumoylation, initiated by cAMP, 

regulates decidualization by detaching SUMO proteins (Small Ubiquitin-related Modifier) 

from proteins such as progesterone receptor A and p53. (Jones et al. 2006a)  We have shown 

previously that AZA treatment induces the gene expression of SUMO proteases in HESC. 

(Logan et al. 2010) 

 

The roles of 14-3-3σ, p21
Cip1

 and p53 in decidualization have not yet been elucidated. Many 

tumour suppressors, such as these, have been shown to differentiate cells as a normal cellular 

function. The p53 protein is closely linked with decidualization, with no definitely known 

role, however p53 is essential for pregnancy as its deficit has been associated with preterm 

birth. (Pohnke et al. 2004; Brosens and Gellersen 2006; Hirota et al. 2010; Burnum et al. 

2012)  p53 pathway members have been shown to be involved in cellular differentiation 

including hematopoietic cells, muscle cells and corneal epithelial cells. (Soddu et al. 1996) 

(Parker et al. 1995; Dellambra et al. 2000; Mckinsey et al. 2000; Xin et al. 2010)  14-3-3σ 

may also have a role in protecting decidual cells from apoptosis. (Samuel et al. 2001; 

Neupane and Korc 2008) 

 

The data presented here imply that the cell cycle regulators and cell cycle arrest of HESC are 

tightly regulated during decidualization and that these time-dependent events could be 

coordinated by cAMP and progesterone crosstalk. We have found that the p53 pathway 

members regulating G2/M arrest are involved in cell cycle arrest of human endometrial 

stromal cells during decidualization. 
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4.1.    Abstract 

Progesterone, estrogen, and cyclic adenosine monophosphate (cAMP) together regulate the 

decidualization of human endometrial stromal cells in a time-dependent manner. The role of 

DNA methylation and the three active DNA methyltransferases (DNMTs) in the regulation of 

decidualisation is gaining interest but the exact role of this epigenetic mechanism during 

decidualization is largely unknown. We aimed to understand the effect of the main regulators 

of decidualization on the expression of the DNMTs and in turn on the expression of steroid 

hormone receptors during the decidualization. We conducted a time-course analysis from 6 h 

to 10 days to examine the change in gene expression of the DNMTs and the steroid hormone 

receptors over time in response to estradiol, medroxy-progesterone acetate (MPA) and 

dibutyryl-cAMP (db-cAMP) in a human endometrial stromal cells (HESC) cell line. Only the 

combination treatment MPA-mix (estradiol / MPA + db-cAMP) up-regulated ERα, PGR, 

PRB and AR at 24 h. Both decidualization pathways of db-cAMP and estradiol/MPA, 

independently and combined, consistently down-regulated DNMT3B mRNA expression from 

6 h till 10 days, whereas DNMT1 and DNMT3A mRNA expression were down-regulated 

transiently. Forced expression of DNMT3B in HESC for 10 days attenuated IGFBP1 mRNA 

and protein expression; and forced expression of DNMT3B combined with MPA-mix 

treatment synergistically increased the expression of PRB at 24 h. The HESC morphology 

and proliferation remained unchanged in response to forced expression of DNMT3B. In 

conlusion, mRNA expression of the DNMTs during decidualization is dynamic, so that 

expression varies according to the cAMP or estradiol/MPA pathway treatments that regulate 

them in a time-dependent manner. Although forced expression of DNMT3B by itself is 

insufficient to inhibit decidualization, forced expression of DNMT3B in combination with 

MPA-mix synergistically up-regulated PRB, as well as attenuated the expression of IGFBP1, 

the decidualization marker.  
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4.2.    Introduction 

Progesterone, estrogen and cyclic adenosine monophosphate (cAMP), the second messenger, 

together induce and regulate the decidualization of human endometrial stromal cells in a 

time-dependent manner. The differentiation of stromal cells into decidual cells during the 

secretory phase of the menstrual cycle takes at least ten days in vivo (De Ziegler et al. 1998). 

During this time, the ‗window of implantation‘ of endometrial receptivity to blastocyst 

implantation is open for  ~4 days (Psychoyos 1986; Bergh and Navot 1992). In the absence of 

pregnancy the consequent decline in progesterone levels causes the endometrium to break 

down and shed during menstruation. The ovarian hormones progesterone and estrogen are 

essential for decidualization and mainly act through their respective receptors i.e. 

progesterone receptors (PRs) PRA and PRB and estrogen receptors (ERs) ERα and ERβ; and 

the androgen receptor (AR) is also involved in decidualization (Cloke et al. 2008).  

 

The molecular mechanisms that regulate decidualization are still not completely understood. 

The role of epigenetic mechanisms in the regulation of decidualization, particularly DNA 

methylation and histone modification, is receiving increased interest (Guo 2011). The histone 

modifications of acetylation and methylation have been shown to regulate decidualization 

(Sakai et al. 2003; Munro et al. 2010; Grimaldi et al. 2011). Estrogen and progesterone have 

been shown to down-regulate DNA methyltransferases (DNMTs) in vitro in endometrial 

explants (Vincent et al. 2011). Two of our previous studies showed the role of the DNA 

methylation inhibition during decidualization by comparing 5-aza-2‘-deoxycytidine (AZA) to 

the treatment of dibutyryl-cAMP (db-cAMP) /estradiol /medroxy-progesterone acetate 

(MPA) in the human endometrial stromal cells (HESC) cell line (Logan et al. 2010; Logan et 

al. 2012). We found that AZA can partially decidualize HESC, possibly through the 

RhoGTPase family that reorganises the cytoskeleton; and that p53 pathway members play a 
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role in cell cycle regulation during decidualization. Subsequently, we found that AZA down-

regulated the mRNA expression of all three DNMTs in HESC, after 10 days of treatment 

(Supplementary data, Fig. 4.S1). AZA has many molecular mechanisms that vary between 

cell types; but some of the mechanisms are not completely elucidated (Ghoshal et al. 2005; 

Schneider-Stock et al. 2005; Al-Salihi et al. 2011). However, the main, known mechanism of 

action of AZA is incorporating into DNA, binding the DNMTs and inhibiting DNA 

methylation (Santi et al. 1984; Juttermann et al. 1994). The three main DNMTs are DNMT1, 

the maintenance methyltransferase, and the de novo methyltransferases DNMT3A and 

DNMT3B, which each have gene-specific methylation sites in distinct genomic DNA regions 

(Hsieh 1999; Okano et al. 1999; Takeshima et al. 2006). The roles of the DNMTs are not 

entirely independent as DNMT3A and DNMT3B can substitute for DNMT1 and maintain the 

methylation of DNA (Liang et al. 2002; Walton et al. 2011). Although aberrant DNA 

methylation of certain genes has been implicated in endometrial cancer and endometriosis 

(Wu et al. 2005; Wu et al. 2006; Xue et al. 2007), the exact role of DNA methylation in gene 

regulation of the endometrium is still not well understood.   

 

 Although there is a consensus that the DNMTs are involved in decidualization (Yamagata et 

al. 2009; Van Kaam et al. 2011; Vincent et al. 2011; Grimaldi et al. 2012; Zelenko et al. 

2012), there is also disagreement and even contradiction between these five studies on 

exactly when DNMT1, DNMT3A or DNMT3B are down-regulated, or even up-regulated, in 

the secretory phase (Guo 2011). Four of the studies determine gene expression of the DNMTs 

from tissue samples, which contain a mixture of various cell types, from the secretory versus 

proliferative phases (Yamagata et al. 2009; Van Kaam et al. 2011; Vincent et al. 2011; 

Zelenko et al. 2012). Vincent et al and van Kaam et al also treated tissue explants with  
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Figure 4.S1. AZA and MPA-mix treatments down-regulated mRNA expression of 

DNMT1, DNMT3A and DNMT3B in HESC at 10 days, determined by real-time qPCR. The 

y-axis represents the fold change of mRNA levels following the three treatments, 15μM 

AZA, MPA-mix (10nM estradiol, 1μM MPA, 0.3mM db-cAMP, dibutyryl cyclic adenosine 

monophosphate), and AZA/MPA, compared to the control. (mean ± SEM, n = 3, * P< 0.05, 

** P< 0.01, *** P< 0.001) AZA, 5-aza-2‘-deoxycytidine; DNMT, DNA methyltransferase; 

HESC, human endometrial stromal cells; MPA, medroxy-progesterone acetate. 

 

 

estradiol/progesterone (E2/P4), whereas Yamagata et al and Grimaldi et al treated isolated 

stromal cells, Yamagata et al with estradiol/MPA and Grimaldi et al with cAMP/MPA.  

 

The aim of the current study is to understand the role of DNA methylation and specifically 

the members of the DNMT family, DNMT1, DNMT3A and DNMT3B in modulating the 

effects of estrogen, progesterone and cAMP on the decidualization of human endometrial 

stromal cells in a HESC cell-line model.  
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4.3.    Materials and Methods 

 

4.3.1.    Cell culture and treatment 

The human endometrial stromal cells (HESC) cell line, immortalised with telomerase (human 

telomerase reverse transcriptase, hTERT) (Krikun et al. 2004) was cultured in Dulbecco's 

Modified Eagle Medium:Nutrient Mixture F-12 medium (DMEM/F12, Invitrogen Life 

Technologies, Auckland, New Zealand) as described previously (Logan et al. 2010). To 

prepare the HESC for experiments, 2 x10
5
 cells/well were plated in 6-well plates. The 

following day the HESC were primed with 10nM 17β-estradiol (Sigma-Aldrich, St. Louis, 

MO, USA) and treated the day after with MPA-mix [17β-estradiol, medroxy-progesterone 

acetate (MPA), cAMP] in phenol red-free, 2% charcoal-stripped, fetal bovine serum (FBS)-

supplemented DMEM/F12 medium (Invitrogen Life Technologies).  The MPA-mix was 

formulated using the published concentrations for decidualizing endometrial stromal cells 

(Tang et al. 1993a; Kessler et al. 2005).  The concentrations used were 1µM MPA 

(Calbiochem®, Sigma-Aldrich); 10nM 17β-estradiol (Sigma-Aldrich); 0.3mM dibutyryl 

cAMP) (Sigma-Aldrich) (Kasahara et al. 2001). The treated HESC in experiments were in 

low passage numbers of 16-24. 

An Olympus 1X71 camera and microscope system (TH4-200) were used to take images of 

the effect of the different treatments of MPA-mix, forced expression of DNMT3B, and empty 

vector control on the morphology and proliferation of HESC cells at 10 days. 

4.3.2.    Transient transfection of HESC 

The plasmids were transfected into HESC after 17β-estradiol priming for 24 h. For forced 

expression of DNMT3B, the pcDNA3/Myc-DNMT3B1 plasmid (pcDNA3 (Invitrogen), 

Addgene plasmid 35522) (Chen et al. 2005) containing the DNMT3B1 isoform (2562bp) or 
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the empty plasmid as vector control were transfected separately into 70% confluent HESC in 

6-well plates using the transfection reagent FuGENE® HD (Roche Diagnostics, Auckland, 

New Zealand). Added to each well was 3μL of FuGENE® HD and 0.75μg of plasmid DNA, 

which had incubated for 15 minutes in 100μL antibiotic- and serum-free media, according to 

the manufacturer‘s instructions.  

4.3.3.    Total cell count assay  

The HESCs were plated at 40% confluency and treated for 10 days, collected by 

trypsinization, stained with trypan blue exclusion dye and counted using a hemocytometer 

under a bright field microscope. Trypan blue-stained dead cells were not counted.  There 

were three independent experiments and in each experiment the treatments were in triplicate. 

4.3.4.    Total RNA extraction and quantitative real-time PCR  

Total RNA was extracted from HESC using TRIZol® (Invitrogen Life Technologies) 

according to the manufacturer‘s instructions. Total RNA of 1μg for each sample was DNase 

treated (Invitrogen Life Technologies) and converted to cDNA using the Transcriptor First 

Strand cDNA synthesis kit and random hexamers (Roche Diagnostics) according to the 

manufacturer‘s instructions. Semi-quantitative PCR was conducted to confirm the forced 

expression of DNMT3B, using Platinum® Blue PCR SuperMix (Invitrogen Life 

Technologies), run on a 2% agarose gel incorporating ethidium bromide and visualised in a 

transilluminator (UVP BioImaging Systems, Upland, CA, USA). The mRNA expression of 

the genes of interest (Table 4.1) were measured by quantitative real-time PCR (qPCR) using 

SYBR Green 1 (Roche Diagnostics), according to the manufacturer‘s instructions, and 

performed in the LightCycler 480 Real-Time PCR System (Roche Diagnostics). The mean Ct 

values of the triplicates for each treatment of each gene were normalised against the Ct values 

of the reference gene 18S rRNA (RP18S1) in the ΔΔCt method. The primer sequences and 
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amplicon sizes are shown in Table 4.1. PrimerBank IDs are as follows: AR, 349501065c3; 

PGR, 160358783c; prolactin, 4506105a2 (Wang and Seed 2003), 18S rRNA (Ponnampalam 

et al. 2004), ERα (Latil et al. 2001). qPCR quantified the transcript variants 1 and 2 of 

DNMT1, transcript variants 1, 2, and 3 of DNMT3A, and transcript variants 1, 2, 3, 6, 7, and 

8 of DNMT3B (www.ncbi.nlm.nih.gov/tools/primer-blast/). The progesterone receptor A 

(PRA) expression cannot be measured directly because the two progesterone receptor 

isoforms, PRA and PRB, are encoded on a single PGR gene, and measurement of PRA 

mRNA expression includes PRB expression, whereas PRB mRNA expression can be 

separately measured from PGR expression.  

Table 4.1. Primer sequences used for qPCR amplification 

 

 

4.3.5.    Western blotting analysis 

Total protein extracts from HESCs (20μg) were diluted in 6x reducing Laemmli‘s sample 

buffer, which has been described before (Logan et al. 2012), separated by 10% SDS-PAGE, 

and transferred onto a polyvinylidene fluoride (PVDF) membrane (Bio-Rad Laboratories, 
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Hercules, CA, USA). Membranes were blocked with Tris-buffered Saline with Tween 

(TBST) (3% fat-free milk in TBS containing 0.1% Tween 20), and incubated overnight at 

4
0
C with a mouse monoclonal DNMT3B antibody (ab13604, Abcam, Cambridge, UK). A 

secondary antibody of a conjugated peroxidase was used at 1:3000 dilution. 

Chemiluminescence detection by Super-Signal West Dura (Thermo Scientific, IL, USA) was 

performed according to the manufacturer‘s instructions, and the films were scanned by a 

densitometer (GS-800 Calibrated densitometer, Bio-Rad Laboratories). To detect the β-actin 

loading control, the membranes were reprobed with a mouse monoclonal anti-β-actin 

antibody (Santa Cruz Biotechnology).    

4.3.6.    Enzyme-linked immunosorbent assay  

Three independent experiments were conducted for an enzyme-linked immunosorbent assay 

(ELISA) of IGFBP1 (#AB100539, Abcam, Cambridge, UK), which was performed according 

to the manufacturer‘s instructions. Conditioned media from each sample were collected from 

Days 8-10 of treatment. All samples were assayed in duplicate and values were plotted against the 

standard curve. The result from each sample of conditioned media was normalized against 

total RNA of the HESC cells (Aghajanova et al. 2010b).  

4.3.7.    Statistical analysis 

Data were analysed by one-way analysis of variance (ANOVA) with Tukey‘s post test for 

pair-wise comparisons using GraphPad Prism version 5.03 for Windows, (GraphPad 

Software, San Diego, California, USA, www.graphpad.com). All data are expressed as means 

and standard error of the mean (± SEM) and P<0.05 was considered to be statistically 

significant.  
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4.4.    Results 

4.4.1.    db-cAMP and estradiol/MPA treatments down-regulated 

DNMT1 and DNMT3B  

We determined the effect of db-cAMP, estradiol/MPA, and the combination MPA-mix on the 

gene expression of the DNMTs in HESC in a time-course analysis during the period of 

decidualization. We chose the 6 h, 24 h, 48 h and 10 day time-points for the three treatments 

as the 6 h time-point is during the steroid hormone receptor activation in the early stage of 

decidualization; the 24 h time-point is prior to the cell division of HESC; the 48 h time-point 

is in the intermediate stage of decidualization (Aghajanova et al. 2011); and the 10 day time-

point is when the decidualization markers of prolactin and IGFBP1 are up-regulated and the 

decidual cell morphology of HESC becomes apparent (De Ziegler et al. 1998). Both the 48 h 

and 10 day time-points were used in our earlier studies of decidualization and the cell cycle 

(Logan et al. 2010; Logan et al. 2012).  

 

The mRNA expression of the three DNMTs was down-regulated at different times over 10 

days (Fig. 4.1). DNMT1 mRNA expression was significantly down-regulated by all three 

treatments of db-cAMP, estradiol/MPA, and MPA-mix, after 48 h; in addition it was down-

regulated by db-cAMP after 24 h. DNMT3A was down-regulated following 6 h treatment of 

db-cAMP and 48 h treatment of estradiol/MPA (Students t-test P< 0.001). DNMT3B mRNA 

expression was consistently down-regulated throughout the treatment period, from 6 h to 10 

day by all three treatments. The mean fold change of DNMT3B mRNA down-regulation over 

the time-course analysis for all three treatments was 0.50 compared to control (SEM 0.096, 

n=3, P < 0.001) (Fig. 4.1). The mean fold change of decreased DNMT3B protein level at 48 

h from MPA-mix treatment was 0.51 compared to control (Supplementary data, Fig. 4.S2). 
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4.4.2.    MPA-mix treatment up-regulated steroid hormone 

receptors 

We also examined the gene expression of the steroid hormone receptors that mediate the 

effects of estrogen, progesterone and cAMP during the period of decidualization induction: 

ERα, PGR, PRB and AR (androgen receptor). Only the 24 h and 48 h time-points are shown 

because they were the time-points with significant up-regulation of all the tested steroid 

hormone receptors. The combined MPA-mix treatment significantly induced the transcription 

of all four steroid hormone receptors after 24 and 48 h of treatments (Fig. 4.2). The individual 

treatments of db-cAMP and estradiol/MPA did not affect mRNA expression of the steroid 

hormone receptors at either time-point, except for the PGR expression which was up-

regulated by db-cAMP treatment after 48 h.   

4.4.3.    HESC proliferation and morphology remained unaffected 

by DNMT3B forced expression 

We decided to force express DNMT3B to determine whether DNMT3B would inhibit 

decidualization. Knock-down of the mRNA expression of all three DNMTs was induced 

previously by AZA (Logan et al. 2010; Logan et al. 2012). Although the principle 

mechanism of AZA is to inhibit the methylation activity of the three DNMTs at the protein 

level, our data suggests that AZA also down-regulates the mRNA expression of all three 

DNMTs in HESC at 10 days (Supplementary data, Fig. 4.S1) (Schneider-Stock et al. 2005). 

The inhibition by AZA of the protein and mRNA expression of all three DNMTs for at least 

10 days was not sufficient to decidualize HESC. However, other mechanisms of AZA could 

also have affected gene expression (Ghoshal et al. 2005) and inhibited decidualization, for 

example, the down-regulation of decorin (Logan et al. 2010).  
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Figure 4.1. db-cAMP, estradiol/MPA and MPA-mix treatments down-regulated 

DNMT1, DNMT3A and DNMT3B mRNA expression during a time-course analysis of   

6 h to 10 days, determined by real-time qPCR [MPA-mix (1 μM MPA, 10 nM estradiol, 0.3 mM 

db-cAMP)]. The y-axis represents the fold change of mRNA levels following the three treatments 

compared with the control. (mean ± SEM, n = 3,  * P< 0.05, ** P< 0.01, *** P< 0.001) db-cAMP, dibutyryl 

cyclic adenosine monophosphate; DNMT, DNA methyltransferase; E2, estradiol; MPA, medroxy-progesterone 

acetate.             
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Figure 4.S2. MPA-mix treatment decreased DNMT3B protein level at 48 h, determined 

by Western blot. The y-axis represents the fold change of DNMT3B protein level following 

the MPA-mix treatment compared with control. β-actin was the loading control and the result 

was normalised against it. The Western blot was representative of two independent 

experiments (mean ± SEM, n = 2, * P< 0.05). DNMT, DNA methyltransferase; MPA-mix 

(10nM estradiol, 1μM medroxyprogesterone acetate, 0.3mM db-cAMP, dibutyryl cyclic 

adenosine monophosphate). 
 

 

 4.4.2.    MPA-mix treatment up-regulated steroid hormone 

receptors 

We also examined the gene expression of the steroid hormone receptors that mediate the 

effects of estrogen, progesterone and cAMP during the period of decidualization induction: 

ERα, PGR, PRB and AR (androgen receptor). Only the 24 h and 48 h time-points are shown 

because they were the time-points with significant up-regulation of all the tested steroid 

hormone receptors. The combined MPA-mix treatment significantly induced the transcription 

of all four steroid hormone receptors after 24 and 48 h of treatments (Fig. 4.2). The individual 

treatments of db-cAMP and estradiol/MPA did not affect mRNA expression of the steroid 
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hormone receptors at either time-point, except for the PGR expression which was up-

regulated by db-cAMP treatment after 48 h.   

4.4.3.    HESC proliferation and morphology remained unaffected 

by DNMT3B forced expression 

We decided to force express DNMT3B to determine whether DNMT3B would inhibit 

decidualization. Knock-down of the mRNA expression of all three DNMTs was induced 

previously by AZA (Logan et al. 2010; Logan et al. 2012). Although the principle 

mechanism of AZA is to inhibit the methylation activity of the three DNMTs at the protein 

level, our data suggests that AZA also down-regulates the mRNA expression of all three 

DNMTs in HESC at 10 days (Supplementary data, Fig. 4.S1) (Schneider-Stock et al. 2005). 

The inhibition by AZA of the protein and mRNA expression of all three DNMTs for at least 

10 days was not sufficient to decidualize HESC. However, other mechanisms of AZA could 

also have affected gene expression (Ghoshal et al. 2005) and inhibited decidualization, for 

example, the down-regulation of decorin (Logan et al. 2010).  
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Figure 4.2. MPA-mix treatment up-regulated the steroid receptors ERα, PGR, PRB and 

AR mRNA expression at 24 h, determined by qPCR. The y-axis represents the fold change of 

mRNA levels following the three treatments db-cAMP, estradiol/MPA and MPA-mix compared with 

the control. (mean ± SEM, n = 3,  * P< 0.05, ** P< 0.01, *** P< 0.001) E2, estradiol; ERα, estrogen 

receptor alpha; PGR, total progesterone receptor A+B;  PRB, progesterone receptor B;  AR, androgen 

receptor. 
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The transient forced expression of DNMT3B persisted for at least 10 days (Fig. 4.3). The 

three MPA-mix treatments of MPA-mix, vector/MPA, and DNMT3B/MPA inhibited the 

proliferation of HESC after 10 days compared to the control, vector and DNMT3B, in a total 

cell assay (Fig. 4.4A). The inhibition of HESC proliferation correlates with the onset of 

decidualization and the transformation of HESC cellular morphology to a decidual-like 

morphology (Logan et al. 2012). The two MPA-mix treatments, vector/MPA and 

DNMT3B/MPA, transformed the stromal cell morphology of HESC into a decidual-like cell 

morphology after 10 days (Fig. 4.4B).  

A 

      

B 

                            

Figure 4.3. DNMT3B forced expression was analysed after transient transfection. (A) 

The mRNA levels of DNMT3B forced expression were determined by semi-quantitative PCR for 24 h 

and 10 days. (B) The protein levels of DNMT3B forced expression at 24 h were determined by 

Western blotting. The y-axis represents the fold change of DNMT3B protein levels following the 

three treatments, DNMT3B, vector/MPA, and DNMT3B/MPA compared with the vector control.  β-

actin was the loading control and results were normalised against it. The PCR gels and the Western 

blot were representative of three independent experiments. (mean ± SEM, n = 3, * P< 0.05, 

***P<0.001) D3B, DNMT3B; D3B/M,DNMT3B/MPA-mix; DNMT3B, DNA methyltransferase 3B; 

V, vector; V/M, vector/MPA-mix.  
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A 

B  

 

Figure 4.4. DNMT3B forced expression attenuated IGFBP1 mRNA expression and the 

increase of IGFBP1 protein at 10 days. (A) MPA-mix treatments of MPA-mix, 

vector/MPA and DNMT3B/MPA inhibited HESC proliferation at 10 days compared with the 

control, vector, and DNMT3B. HESC were counted in a total cell count assay. The y-axis 

represents the mean cell number per field of a hemocytometer. (mean ± SEM, n = 3,  ** P< 

0.01, *** P< 0.001) (B) MPA-mix treatments of vector/MPA and DNMT3B/MPA 

transformed the HESC to have decidual-like morphologies. This experiment is representative 

of at least three independent experiments. Scale bar, 200μm (10x objective) (C) Effects of 

MPA-mix treatment of transfected DNMT3B and vector (vector/MPA and DNMT3B/MPA) 

on IGFBP1 and prolactin mRNA expression, at 10 days, as determined by qPCR. The y-axis 

represents the fold change of mRNA levels following the three treatments compared with the 



 

121 

 

vector control. (mean ± SEM, n = 3,  ** P< 0.01, *** P< 0.001) (D) IGFBP1 protein from 

the conditioned media from three independent experiments was detected by ELISA, and 

normalised against total RNA.  (mean ± SEM, n = 3,  * P< 0.05) DNMT, DNA 

methyltransferase; ELISA, enzyme-linked immunosorbent assay; IGFBP-1,  insulin-like 

growth factor binding protein-1; HESC, human endometrial stromal cells; MPA, medroxy-

progesterone acetate. 

 

C 

 

D                                                                                   

  

Figure 4.4. (continued) 



 

122 

 

4.4.4.    DNMT3B forced expression attenuated IGFBP1 mRNA 

and protein expression after 10 days  

Prolactin and IGFBP1 are the two established molecular markers for decidualization. 

Prolactin mRNA expression was significantly up-regulated by the two MPA-mix treatments 

in HESC, vector/MPA and DNMT3B/MPA, after 10 days (Fig. 4.4C). IGFBP1 mRNA 

expression was also up-regulated by vector/MPA treatment as expected, however the up-

regulation was attenuated by the forced expression of DNMT3B in DNMT3B/MPA-treated 

cells (Fig. 4.4C). Forced expression of DNMT3B alone significantly down-regulated IGFBP1 

mRNA expression compared with the vector (Student‘s t-test P<0.001). 

An ELISA for IGFBP1 was performed with conditioned media after 10 day treatments of 

HESC. The MPA-mix treatment of vector/MPA increased the IGFBP1 protein level 

compared with vector. However, forced expression of DNMT3B, in DNMT3B/MPA, 

attenuated the increase in IGFBP1 compared with vector/MPA treatment (Fig. 4.4D). 

4.4.5.    DNMT3B forced expression increased the up-regulation 

of PRB mRNA expression 

We treated HESC forced expressed with DNMT3B with MPA-mix for 24 h because our 

time-course analysis results had shown that 24 h of treatment up-regulated all four ovarian 

steroid hormone receptors (Fig. 4.2). Also at 24 h, there would have been less chance of a 

confounding interference from DNMT1 and DNMT3A because neither DNMT is down-

regulated by MPA-mix treatment after 24 h; hence, only the effect of DNMT3B on the 

steroid hormone receptors might be identified. At 24 h, forced expression of DNMT3B and 

MPA-mix treatment, as DNMT3B/MPA, synergistically increased PRB mRNA expression 

compared with MPA-mix treatment alone (Fig. 4.5). The two MPA-mix treatments, 

vector/MPA and DNMT3B/MPA up-regulated PGR mRNA expression at 24 h. The increase 
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of PRB up-regulation from DNMT3B forced expression would have been incorporated into 

the PGR mRNA expression. Hence, the forced expression of DNMT3B possibly down-

regulated PRA mRNA expression (determined by the subtraction of PRB from PGR). By 10 

days the mRNA expression of PGR and PRB, from vector/MPA and DNMT3B/MPA 

treatments, returned to similar levels as those of vector control (Fig. 4.5). 

 

 

Figure 4.5. The forced expression of DNMT3B in MPA-mix-treated HESCs 

synergistically increased the up-regulation of PRB mRNA expression compared with 

MPA-mix alone, at 24 h, determined by qPCR. The y-axis represents the fold change of 

mRNA levels following the three treatments DNMT3B, vector/MPA and DNMT3B/MPA, 

compared with the control (mean ± SEM,    n = 3,  * P< 0.05, ** P< 0.01, *** P< 0.001). 

HESC, human endometrial stromal cells; PRB, progesterone receptor B; PGR, total 

progesterone receptor A+B. 
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4.5.    Discussion 

This study aimed to understand the regulation of DNMTs by cAMP and estrogen/ 

progesterone, and the role of DNMT3B in decidualization and its modulation of steroid 

hormone receptor expression in a previously established HESC decidualization model. The 

results show that both db-cAMP and estradiol/MPA treatments, independently and combined, 

down-regulated DNMT3B mRNA expression from as early as six hours till ten days of 

treatment; and down-regulated DNMT1 at 48 h. Interestingly, forced expression of DNMT3B 

significantly attenuated mRNA and protein expression of the decidualization marker IGFBP1 

after 10 days. Furthermore, DNMT3B and MPA-mix (DNMT3B/MPA) synergistically 

increased PRB mRNA expression, after 24 h, compared to the up-regulation of PRB by MPA-

mix treatment alone.  

 

Our results are in general agreement with most of the previous studies, which had shown that 

the mRNA expression of the three DNMTs are down-regulated at various times during 

decidualization (Yamagata et al. 2009; Vincent et al. 2011; Grimaldi et al. 2012; Zelenko et 

al. 2012), except for the study by van Kaam et al. (2011) . Surprisingly, van Kaam et al. 

(2011) reported that DNMT1 was up-regulated in proliferative tissue explants treated with 

estradiol/progesterone at 24 h. This discrepancy in results could be attributed to the mixed 

cell types in the tissue explants and/or the treatment time of 24 h compared with the other 

studies that treated for at least 48 h. In addition, one of the main differences between the 

other studies (except Grimaldi et al.) and ours is the addition of cAMP in the treatment 

cocktail used to decidualize the stromal cells.   

 

The importance of cAMP is often ignored in many in vitro studies. However, it is thought to 

be the initial activator of decidualization and to be crucial for the slow acting progesterone 
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pathway (Tang and Gurpide 1993). cAMP initiates decidualization with a sustained activation 

of the protein kinase A pathway that sensitizes the stromal cells to the activity of 

progesterone (Gellersen and Brosens 2003). The LH surge and the FSH peak stimulate cAMP 

at first (Tang and Gurpide 1993) and then relaxin, corticotropin-releasing hormone, 

prostaglandin E2, or human chorionic gonadotropin from trophoblasts take over the 

stimulation of cAMP, until term if pregnancy occurs. (Houserman et al. 1989; Tang et al. 

1994; Telgmann and Gellersen 1998; Makrigiannakis et al. 1999). cAMP as the sole 

treatment has been shown to decidualize stromal cells (Pohnke et al. 2004; Cho et al. 2011), 

differentiate cells, such as trophoblasts (Yoshie et al. 2008); and suppress DNMTs during cell 

differentiation (Soultanas et al. 1993). In vitro studies have confirmed that cAMP is fast, 

effective, and decidualizes early, within 3 days; whilst progesterone is the slow, weak inducer 

of prolactin and decidualizes late, taking as long as 14-23 days (Tang et al. 1993b; Gellersen 

and Brosens 2003; Cloke et al. 2008). The difference between the two pathways can be seen 

in this study at 48 h when cAMP up-regulated PGR mRNA expression and estradiol/MPA 

did not; and conversely, when estradiol/MPA down-regulated DNMT3A mRNA expression 

and cAMP did not. Further research is required to elucidate the molecular mechanisms. 

 

In our time-course analysis, the combined treatments of cAMP and estradiol/MPA (as MPA-

mix) up-regulated ERα, AR, PGR and PRB mRNA expression at 24 h compared to the 

separate treatments, which did not affect the expression of these steroid hormone receptors 

(Brosens et al. 1999; Cloke et al. 2010). The levels of these ovarian steroid receptors vary 

during the menstrual cycle (Wang et al. 1998). Estradiol priming up-regulates ERα, AR, PRA 

and PRB during the proliferative phase when expression of each reaches a peak and then the 

expression significantly decreases during the secretory phases due to progesterone (Garcia 

1988; Mertens et al. 2001). Although cAMP and progesterone decrease the AR protein levels 



 

126 

 

during decidualization, AR mRNA expression remains relatively unaffected (Cloke et al. 

2010). 

 

The data from the present study show that the regulation of DNMT1 and DNMT3A mRNA 

expression was time-dependent during decidualization. The estradiol/MPA treatment down-

regulated DNMT3A at 48 h (Fig. 4.1), which supports Yamagata et al. (2009)‘s result of 

down-regulation of DNMT3A before 8 days, and confirms Vincent et al. (2011) and Grimaldi 

et al. (2012)‘s result at 48 h . The possibility that DNMT1 might be up-regulated very early 

on as van Kaam et al. (2011) report for 24 h did not contradict our result at 6 h, although the 

mechanism that up-regulates DNMT1 has been elusive to find, especially in cancer (Zhang et 

al. 2012). Indeed, in neural stem cells, DNMT1 increased to high levels at the onset of 

differentiation but subsequently both DNMT1 and DNMT3a were down-regulated as 

differentiation proceeded (Singh et al. 2009). Cellular differentiation is probably associated 

with both DNA methylation and demethylation (Shiota 2004).  

 

Interestingly, DNMT3B forced expression attenuated the up-regulation of IGFBP1 mRNA 

and protein expression by MPA-mix (but did not affect prolactin). It is possible that 

DNMT3B hypermethylated the promoter of IGFBP1, which can occur in renal carcinoma 

(Ibanez De Caceres et al. 2006). However, a study also showed that forced expression of 

PRB inhibited IGFBP1 mRNA and protein expression in endometrial cells (Gao and Tseng 

1997). Our data showed that DNMT3B forced expression synergistically increased PRB 

mRNA expression, at 24 h, when combined with MPA-mix compared with MPA-mix alone. 

The two progesterone receptors have separate, often opposing functions and regulate different 

genes (Mote et al. 2000; Tan et al. 2012). PRA inhibits cell proliferation, while PRB 

stimulates it (Yudt et al. 2006). PRA, the predominant progesterone receptor in 



 

127 

 

decidualization (Wang et al. 1998), up-regulates IGFBP1 (Gao et al. 2000) and down-

regulates PRB (Vegeto et al. 1993). From our results, the forced expression of DNMT3B had 

the opposite effect that PRA has on IGFBP1 and PRB. 

 

Our finding that the forced expression of DNMT3B attenuated the up-regulation of IGFBP1 

has implications for decidualization and endometriosis. IGFBP1 is a major secreted protein in 

decidualization and interacts with trophoblasts to slow invasion; and binds and regulates the 

insulin-like growth factors, IGF-I and IGF-II (Giudice et al. 1998). Decreased IGFBP1 

adversely affects trophoblast invasion and hence embryo implantation, and increases fetal 

growth (Irwin and Giudice 1998; Asvold et al. 2011). In endometriosis, DNMT1, DNMT3A 

and DNMT3B are up-regulated (Wu et al. 2007), which  hypermethylates and down-regulates 

HOXA10  (Wu et al. 2005) that consequently down-regulates IGFBP1 (Klemmt et al. 2006; 

Lee et al. 2009; Godbole and Modi 2010), but not prolactin (Cunha-Filho et al. 2001; Minici 

et al. 2007). However, Kim et al. (2007) disagree and contend that the down-regulation of 

HOXA10 up-regulates IGFBP1 in endometriosis (Kim et al. 2007). 

 

The cell cycle can affect expression of DNMT3B and DNMT1, which are low in the G0/G1 

phases of the cell cycle (Robertson et al. 2000) but irrespective of the cell cycle phases 

DNMT3B expression in MPA-mix treated HESC was consistently low (Logan et al. 2012).  

 

In conclusion, this study shows that mRNA expression of the DNMTs during decidualization 

is dynamic, so that expression of DNMT1 and DNMT3A varies transiently in response to 

estrogen/progesterone, cAMP or the combination of these two pathways in a time-dependent 

manner. However, DNMT3B was consistently down-regulated by both pathways during 

decidualization. Although the forced expression of DNMT3B by itself is not sufficient to 

inhibit decidualization, it can up-regulate PRB mRNA expression and attenuate the 

expression of IGFBP1, the decidualization marker.  
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Supplementary data are available at http://molehr.oxfordjournals.org/. 
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Chapter 5.    Discussion and conclusions 

 

The main focus of this thesis was our hypothesis that DNA methylation regulates the 

decidualisation of human endometrial stromal cells. Decidualisation is a complex biological 

system. Understanding the molecular mechanisms of decidualisation, which include 

epigenetic mechanisms, is important for improving the embryo implantation rate, preventing 

miscarriage and the pathologies of pregnancy, and understanding the epigenetic component 

of the disease of endometriosis.  

 

We evaluated whether the inhibition of DNA methylation by AZA regulates decidualisation 

through the expression of the molecular markers of decidualisation and the transformation of 

HESC cellular morphology; and to discover which genes are regulated by DNA methylation 

by analysing the differentially regulated genes from the results from our microarray 

experiment. We then aimed to determine the cell cycle phase during decidualisation in HESC 

and to examine the cell cycle regulators involved in the cell cycle. Finally we aimed to 

investigate the regulation of DNA methyltransferases, DNMT1, DNMT3A and DNMT3B, by 

estrogen, progesterone, and cyclic AMP treatments during decidualisation in a time-course 

experiment; and to force express DNMT3B to potentially inhibit decidualisation. If we know 

which genes are regulated by DNA methylation during decidualisation then we might 

understand why those genes are regulated epigenetically. The endometrium is a fast 

regenerating tissue and timing is important in the menstrual cycle, so that different sets of 

genes must be activated or inhibited at the appropriate time between stromal cell proliferation 

and decidualisation, at the window of implantation, and if there is no pregnancy, between 

decidualisation and menstruation (Ponnampalam et al. 2004). 

At the commencement of this project, in early 2007, there was possibly widespread 

scepticism about the involvement of epigenetics in the regulation of decidualisation and of 
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the endometrium during the menstrual cycle, with as few as two papers published several 

years earlier (Sakai et al. 2003; Ghabreau et al. 2004). Our group then showed the role of 

DNA methylation in human trophoblast cell migration and invasion and from that study the 

hypothesis for this thesis was suggested (Rahnama et al. 2006). At the time, the subject of 

DNA methylation regulation of decidualisation was sufficiently novel that I was invited to 

give a President‘s Plenary trainee oral presentation on my initial findings from my 

BSc(Hons) project at the Society for Gynecologic Investigation in March, 2007 at Reno, 

Nevada, USA. Since that time another group showed that estrogen/progesterone down-

regulated DNMT3A and DNMT3B in primary human endometrial stromal cells from 8 days 

to 17 days of treatment (Yamagata et al. 2009). In the same year, our group showed that 

DNA methylation regulates endometrial epithelial cell receptivity to trophoblasts (Rahnama 

et al. 2009). After my first article was published (Logan et al. 2010), our group showed that 

both histone modification and DNA methylation are regulated in the human endometrium, 

with changing levels of histone acetylation and DNMTs during the menstrual cycle (Munro et 

al. 2010; Vincent et al. 2011). Endometrial researchers began to be interested in the 

epigenetic regulation of the endometrium, in particular decidualisation, and the increased 

research activity included a review article that cited our group‘s findings (Grimaldi et al. 

2011; Guo 2011; Van Kaam et al. 2011; Estella et al. 2012a; Grimaldi et al. 2012; Zelenko et 

al. 2012). Concurrently, my second article investigated DNA methylation and the cell cycle 

during decidualisation (Logan et al. 2012), and I submitted my third article showing that the 

three DNMTs are temporally regulated by estradiol/MPA/db-cAMP during decidualisation, 

together with the results of the forced expression of DNMT3B (Logan et al. 2013).  

Our findings in this thesis demonstrated that AZA induced partial decidualisation 

independently of MPA-mix, possibly by inhibiting DNA methylation. AZA treatment had a 

subtle, but significant up-regulation of mRNA expression of the markers of decidualisation, 
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prolactin and IGFBP1; and AZA transformed the cellular morphology of HESC to decidual-

like. The analysis of our microarray data (AZA versus MPA-mix versus control) indicated 

that MPA-mix regulated at least thirty six genes in the cell adhesion, extracellular matrix 

remodelling, and RhoGTPase cytoskeletal reorganisation pathway, and that AZA treatment 

resulted in nineteen of these genes in common and another fifteen RhoGTPase pathway 

genes. Desmin was analysed too because it is both an intermediate filament and a 

decidualisation marker. AZA up-regulated desmin mRNA expression in HESC. 

The cell cycle of HESC treated with AZA and MPA-mix was investigated because in our 

microarray AZA up-regulated the cell cycle regulators p21
Cip1 

and cyclin D1. The cell cycle 

of AZA-treated HESC analysed by flow cytometry was inhibited at the G2/M phase; while 

MPA-mix-treated HESC were initially inhibited at G0/G1 phase and later, at 18 days, were 

inhibited at G2/M. From the result that the cell cycle can be inhibited in HESC at G2/M 

phase a selection of important cell cycle regulators of G2/M arrest, the p53 pathway 

members, which included p53, p21
Cip1

, 14-3-3σ (sigma), cyclin B1 and from the G0/G1 

phase, cyclin D1 were run on a Western blot to analyse protein expression. AZA and MPA-

mix treatments increased p53 protein, which confirmed an earlier study, but the role of p53 is 

unknown for decidualisation (Pohnke et al. 2004; Brosens and Gellersen 2006). However, a 

study of a conditional, uterine p53-deleted mouse model reported that p53 is essential for 

pregnancy and concluded that a deficit of p53 could be associated with preterm birth (Hirota 

et al. 2010). Hirota et al suggested that mothers over 35 years have a higher risk of preterm 

birth (Goldenberg et al. 2008) because as humans grow older the level of p53 declines (Feng 

et al. 2007; Poyurovsky et al. 2010).  

The increased 14-3-3σ protein levels from AZA and MPA-mix treatments during the period 

of decidualisation was, as far as we know, a novel result, but not unlikely considering that 

p53 induces 14-3-3σ, and that the cell cycle at G2/M phase is inhibited by 14-3-3σ  
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(Hermeking et al. 1997). We conducted methylation specific PCR from bisulphite-converted 

DNA of AZA and MPA-mix treated HESC samples to determine whether p21
Cip1 

and 14-3-

3σ were regulated by DNA methylation. There was no change in methylation profiles for 

either p21
Cip1 

or 14-3-3σ so we concluded that possibly DNA methylation regulation of 

p21
Cip1 

and 14-3-3σ could have been acting on differentially methylated regions in CpG 

shores, up to 2kb from the CpG islands of the genes (Irizarry et al. 2009; Pollard et al. 2009) 

or alternatively non-methylation molecular mechanisms that have been demonstrated in other 

cell types were up-regulating the expression of p21
Cip1

 and 14-3-3σ rather than DNA 

methylation (Milutinovic et al. 2000; Murakami et al. 2004; Scott et al. 2006). So far, the 

genes involved in decidualisation that are directly regulated by DNA methylation have been 

elusive to specify. Many of the genes regulated by AZA from our microarray were probably 

indirectly regulated by other molecular mechanisms and pathways. It is interesting to note 

that 14-3-3σ interacts with the RhoGTPase pathway cytoskeletal reorganisation family, 

which is also involved in cell cycle regulation (Schultz et al. 2009).  

 

Our finding that MPA-mix down-regulated DNMT1 and DNMT3B mRNA expression in 

HESC at 10 days, and that AZA treatment down-regulated expression of all three DNMTs 

was quite unanticipated at the time, before Yamagata et al published their conflicting result 

that estrogen/progesterone down-regulated DNMT3A and DNMT3B mRNA expression at 8 

days (Yamagata et al. 2009). AZA treatment down-regulation of mRNA expression of the 

DNMTs is rarely reported because the generally accepted mechanism for AZA is that AZA 

operates at the protein level and not through mRNA expression. We investigated the 

regulation of the three DNMTs by estradiol/MPA and db-cAMP, independently and in 

combination, in a time-course experiment from 6 hr to 10 days, and found that the three 

treatments in HESC consistently down-regulated DNMT3B for the entire 10 days, while 
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DNMT1 and DNMT3A were transiently down-regulated. Our result conflicted with 

Yamagata et al, who did not treat stromal cells with cAMP (only estradiol/ MPA), but our 

result was closer to Grimaldi et al, who did treat with cAMP (+MPA) but not with estradiol 

(Yamagata et al. 2009; Grimaldi et al. 2012). 

 

We aimed to determine whether transfecting HESC with an expression plasmid of DNMT3B, 

i.e. forced expression, would inhibit decidualisation because following treatment to induce 

decidualisation with estradiol/MPA, db-cAMP, and MPA-mix DNMT3B expression was 

consistently down-regulated. We did not transfect HESC with siRNA of DNMT3B to induce 

decidualisation because we had already treated HESC with AZA, which down-regulates the 

mRNA expression of all three DNMTs. Forced expression of DNMT3B did not affect HESC 

cell proliferation or noticeably affect the cellular morphology of HESC, but rather forced 

expression of DNMT3B attenuated the expression of IGFBP1, the decidualisation marker, at 

10 days, and combined with MPA-mix treatment it synergistically increased PRB mRNA 

expression at 24 hr. Forced expression of DNMT3B in HESC had the opposite effect that 

PRA has on PRB and IGFBP1. 

 

The main limitation to this study was the reliance on a cell-line model, the human 

endometrial stromal cell-line (HESC), for all experimental work. HESC were immortalised 

with telomerase, which overcame the limited number of passages primary cells isolated from 

endometrial tissue are restricted to, and in our case, overcame a limited supply of endometrial 

tissue in Auckland, New Zealand. Obviously researchers rely on primary endometrial stromal 

cells or a cell-line. Although isolating homogeneous cells from the heterogeneous cell mix of 

endometrial tissue is artificial, experimenting on cell-line models is an accepted form of 

research in molecular biology. Studies on endometrial epithelial cells have used established 
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cancer cell-line models in experiments (Li et al. 2008; Tamm et al. 2009). Another limitation 

was the treatment used to inhibit DNA methylation, the drug 5-aza-2‘-deoxycytidine (AZA), 

which can also have non-methylation effects on cells (Palii et al. 2008; Patel et al. 2010). Our 

group previously used AZA to treat epithelial and trophoblast cancer cell-lines and then 

successfully validated their results with siRNA DNMT (Rahnama et al. 2006; Rahnama et al. 

2009). The alternative to human experimental models are animal models, and in endometrial 

research, mice (Dey et al. 2004) and baboons (Fazleabas et al. 2004) are the favoured animals 

to work with but there are limitations. Baboons are too expensive to keep, while the findings 

from mice do not always translate well to humans, for instance upon decidualisation in mice, 

progesterone increases stromal cell proliferation rather than inhibit it as in humans (Tamura 

et al. 2006; Lu et al. 2008; Ramathal et al. 2010). Mice express DNMTs during embryo 

implantation differently to humans. A recent study found that in mice DNMT3a expression 

was down-regulated in the stroma during implantation, which contradicts the down-

regulation of DNMT3B and DNMT1 expression in humans reported in this thesis and other 

studies (Ding et al. 2012; Gao et al. 2012). 

 

Future work stemming from this thesis could be in several different directions; for instance, 

distinguish between gene regulation at CpG islands in promoter regions and the differentially 

methylated regions in CpG shores, and delineate between 5-methylcytosine and 5-

hydroxymethylcytosine and that might lead on to investigate the conjectured path of active 

DNA demethylation. The relationship will be investigated between DNA methylation and the 

other epigenetic mechanisms, for example, histone modification and non-coding RNA. DNA 

methylation has generally been the first epigenetic mechanism to be studied but it is closely 

followed by the more complex epigenetic mechanism of histone modification and now 

researchers are studying non-coding RNA, (microRNAs)  in relation to endometrium (Pan et 
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al. 2007; Lam et al. 2012). A Medline search by me revealed that there are approximately 

26,000 articles on DNA methylation, whereas there are about 4,500 articles on histone 

acetylation and methylation. The opportunity continues to exist to manipulate the DNMTs to 

build a cell-line model that represents decidualisation. To do this, forced expression and RNA 

interference of the DNMTs should be at first simply individual DNMTs, or in combination, 

then, if necessary, more complex arrangements of DNMTs could be planned that are time 

regulated. Just as stromal cells were examined in this thesis, the regenerating endometrial 

endothelial cells in the proliferative phase versus secretory phase could also be examined for 

regulation by DNA methylation (Yan et al. 2010). Animal in vivo models, such as mice, will 

continue to be experimented on but the results would probably not always translate to humans 

as discussed before. The co-culture of epigenetically-induced decidualised stromal cells with 

another cell-type is necessary to go beyond a single cell-type model (we conducted a pilot 

implantation experiment co-culturing a BeWo trophoblast cell-line seeded onto HESC treated 

with MPA-mix or AZA) (Holmberg et al. 2012; Schutte and Taylor 2012).  It would be 

interesting to follow up on the potential roles of 14-3-3σ and p53 and the other members of 

the p53 pathway during decidualisation, and to investigate whether there are specific 

cytoskeletal reorganisation genes of the RhoGTPase family that are directly regulated by 

DNA methylation. The environment impacts upon the genome via epigenetic mediation. 

Environmental conditions could be mimicked in experiments to test the change in the 

epigenetic profile of the endometrium. Finally, epigenetic reprogramming of endometrial 

cells into induced pluripotent stem cells could be a ready source of stem cells for regenerative 

medicine (Strakova et al. 2008; Hochedlinger and Plath 2009). 
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5.1.    Conclusion 

Although our data consistently supported our hypothesis that DNA methylation regulates 

human endometrial stromal cell decidualisation, the data neither conclusively confirmed nor 

rejected the hypothesis. However, we showed in this thesis that DNA methylation regulates 

decidualisation partially, possibly by regulating the RhoGTPase family of cytoskeletal 

reorganisation proteins, but further work is needed to elucidate the exact molecular 

mechanisms, to delineate the specific genes regulated by DNA methylation, and to integrate 

all epigenetic mechanisms involved. Moreover, the result that the two pathway initiators of 

decidualisation down-regulated the three DNA methyltransferases at various times suggested 

that regulation of DNA methylation is occurring during decidualisation and that this may 

affect gene expression. Overall, this thesis has made a start in the investigation of DNA 

methylation regulation of decidualisation and it has raised more questions to be answered in 

this complex biological system. 
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Appendix 1 

Supplementary data Table 2.S2 

Disclaimer: Previously submitted for my BSc(Hons) degree. 

 

Common genes from Groups A & B  

  

 

 AZA MPA Name 

 

UP    

ATP6V0C 1.64 1.63 ATPase, H+ transporting, lysosomal, V0 c 

BCL2L13 2.20 2.60 BCL2-like 13  

COX6A2 1.54 1.75 cytochrome c oxidase subunit VIa polypeptide 2 

CPLX1 1.67 1.77 complexin 1 

HOXA1 1.62 2.39 homeobox A1 

LAMB2 1.51 2.18 laminin, beta 2  

NPHP1 2.06 4.60 nephronophthisis 1  

NT5E 1.52 1.58 5'-nucleotidase, ecto (CD73) 

OGFRL1 1.55 3.39 opioid growth factor receptor-like 1 

P4HB 1.59 1.93 procollagen-proline, 2-oxoglutarate 4-dioxygenase  

PPP2R4 1.65 1.84 protein phosphatase 2A, regulatory subunit B' (PR 53) 

RAB1B 1.51 1.51 RAB1B, member RAS oncogene family 

SCAMP4 1.82 2.53 secretory carrier membrane protein 4 

SEMA3A 1.57 1.88 semaphorin 3A 

TAF7 1.55 1.58 TAF7 RNA polymerase II, TATA box binding protein 

WNT5A 1.52 1.58 wingless-type MMTV integration site family, member 5A 

WWTR1 1.66 1.87 WW domain containing transcription regulator 1 

    

    

DOWN    

ADAMTS1 0.62 2.40 ADAM metallopeptidase with thrombospondin type 1 motif, 1 

ARHGEF2 0.60 0.60 rho/rac guanine nucleotide exchange factor (GEF) 2 

BCAT1 0.65 0.46 branched chain aminotransferase 1, cytosolic 

CDC42BPA 0.61 0.53 CDC42 binding protein kinase alpha  

CREM 0.59 0.55 cAMP responsive element modulator 

DHX9 0.65 0.66 DEAH (Asp-Glu-Ala-His) box polypeptide 9 

DIO2 0.44 0.35 deiodinase, iodothyronine, type II 

DOC1 0.62 0.49 downregulated in ovarian cancer 1 

EEF1A1 0.52 0.60 eukaryotic translation elongation factor 1 alpha 1 

EYA1 0.63 0.61 eyes absent homolog 1 

FAP 0.44 0.43 fibroblast activation protein, alpha 

GBP2 0.62 0.42 guanylate binding protein 2 

GCNT2 0.66 0.62 glucosaminyl (N-acetyl) transferase 2 

GPNMB 0.41 0.44 Glycoprotein (transmembrane) nmb 

ITGB1 0.63 0.45 integrin, beta 1  

LAMR1P3 0.61 0.59 laminin receptor 1 pseudogene 3 

LOC340947 0.58 0.64 similar to bA508N22.1 (HSPC025) 

LOC387867 0.65 0.58 similar 40S ribosomal protein SA (p40) laminin receptor  

LOC391387 0.55 0.51 similar to 40S ribosomal protein SA (p40) laminin receptor 

LOC391598 0.44 0.46 similar 40S ribosomal protein SA (p40) laminin receptor  

LOC441862 0.48 0.51 DUT pseudogene 
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MTHFD2 0.53 0.53 methylenetetrahydrofolate dehydrogenase 2 

NOM1 0.66 0.58 nucleolar protein with MIF4G domain 1 

NRIP1 0.52 0.55 nuclear receptor interacting protein 1 

NTS 0.51 0.57 neurotensin 

PAEP 0.60 0.51 glycodelin, progestagen-assoc endometrial protein  

PCDH18 0.59 0.54 Protocadherin 18 

PCDHB4 0.54 0.61 protocadherin beta 4 

PLS3 0.65 0.51 plastin 3  

PRSS12 0.44 0.46 protease, serine, 12  

RET 0.60 0.57 ret proto-oncogene  

RPSA 0.63 0.64 ribosomal protein SA, laminin receptor 

S100A14 0.60 0.64 S100 calcium binding protein A14 

SDCBP 0.67 0.50 syndecan binding protein (syntenin) 

SFRS7 0.63 0.61 splicing factor, arginine/serine-rich 7,  

SIRPB1 0.59 0.53 signal-regulatory protein beta 1 

STK38 0.58 0.60 serine/threonine kinase 38 

SULF1 0.54 0.57 sulfatase 1 

TCEA1 0.61 0.63 transcription elongation factor A (SII), 1 

TNC 0.29 0.24 tenascin C  

TPSG1 0.61 0.54 tryptase gamma 1 

 

    Common genes from Groups A, B & C 
 

Gene symbol AZA MPA  Name      

        

UP          

AK5 1.70 1.75  adenylate kinase 5     

CDKN1A 3.29 1.76  cyclin-dependent kinase inhibitor 1A (p21, Cip1)  

EGR2 1.79 1.81  early growth response 2  

GPKOW 1.89 2.44  G patch domain and KOW motifs   

IGFBP4 1.80 7.24  insulin-like growth factor binding protein 4  

IL12B 1.77 2.56  Interleukin 12B  

OR8B8 1.79 2.51  olfactory receptor, family 8, subfamily B, member 8 

PDK1 1.74 2.38  pyruvate dehydrogenase kinase, isozyme 1  

PKD2L1 1.81 2.27  polycystic kidney disease 2-like 1   

RIN1 1.56 1.58  Ras and Rab interactor 1    

          

DOWN          

ATP2B1 0.65 0.27  ATPase, Ca++ transporting, plasma membrane 1  

BICD1 0.59 0.60  bicaudal D homolog 1    

COL6A3 0.50 0.44  collagen, type VI, alpha 3    

FADS2 0.60 0.62  fatty acid desaturase 2    

LOC390158 0.51 0.52  similar to 60S ribosomal protein L5 

PITPNC1 0.50 0.38  phosphatidylinositol transfer protein, cytoplasmic 1 

          

          

MAP1A 2.25 0.66  microtubule-associated protein 1A   

DCN 0.33 1.55  decorin      
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  Common genes from Groups A & C  

  

Gene symbol AZA            Name 

UP 

ART1 1.60  ADP- ribosyltransferase 

ASB2 1.57  ankyrin repeat and SOCS box-containing 2 

CALD1 1.67  caldesmon 1 

CCND1 2.83  cyclin D1 

CHIT1 1.63  chitinase 1 (chitotriosidase) 

CIITA 1.52  Homo sapiens class II, MHC, transactivator 

CPE 2.41  carboxypeptidase E 

CSN1S1 1.55  casein alpha s1 

CST3 2.54  cystatin C  

CST4 2.80  cystatin S 

DLX6 1.80  homo sapiens distal-less homeobox 6,  

DUSP1 1.60  dual specificity phosphatase 1 

EFNA3 1.63  ephrin-A3 

ENTPD1 1.54  ectonucleoside triphosphate diphosphohydrolase 1 

GRLF1 1.79  glucocorticoid receptor DNA binding factor 1 

GUK1 1.55  guanylate kinase 1 

HGD 1.83  homogentisate 1,2-dioxygenase (homogentisate oxidase) 

HMGA1 2.27  high mobility group AT-hook 1 

HSPB1 1.52  heat shock 27kDa protein 1 

KRT19 2.61  keratin 19 

KRT32 1.62  keratin 32 

KRT8 1.85  keratin 8 

MDC1 1.96  mediator of DNA damage checkpoint 1 

MDM2 2.74  Mdm2, transformed 3T3 cell double minute 2,  

MMP1 1.71  matrix metallopeptidase 1  

MOV10 1.52  mov10l1, Moloney leukemia virus 10-like 1,  

NEFL 1.55  neurofilament, light polypeptide  

NFATC1 1.53  nuclear factor activated T-cells, cytoplasmic, calcineurin-depend 1 

NHP2L1 1.71  NHP2 non-histone chromosome protein 2-like 1  

NLGN3 1.63  neuroligin 3 

OXR1 2.26  oxidation resistance 1 

PAK1 1.57  p21/Cdc42/Rac1-activated kinase 1  

PFN1 1.52  profilin 1 

PHACTR2 1.57  phosphatase and actin regulator 2 

PKM2 2.14  pyruvate kinase, muscle 

PSG1 3.07  pregnancy specific beta-1-glycoprotein 1 

RACGAP1 2.02  Rac GTPase activating protein 1 

RASA3 1.60  RAS p21 protein activator 3 

RPP21 1.69  ribonuclease P 21kDa subunit 

SEMA6C 1.61  Semaphorin 6C  

SENP3 1.93  SUMO1/sentrin/SMT3 specific peptidase 3 

SKIV2L2 1.65  homo sapiens superkiller viralicidic activity 2-like 2  

SSFA2 1.73  sperm specific antigen 2 

SSX2IP 1.70  synovial sarcoma, X breakpoint 2 interacting protein 

TIMP1 1.58  TIMP metallopeptidase inhibitor 1 
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TMED3 1.66  transmembrane emp24 protein transport domain containing 3 

TPM2 1.63  tropomyosin 2 (beta) 

UHMK1 1.59  U2AF homology motif (UHM) kinase 1 

USH2A 1.57  Usher syndrome 2A  

VIM 1.58  vimentin 

ZP3 1.94  zona pellucida glycoprotein 3  

    

    

 

DOWN AZA  

CCNI 0.63  cyclin I 

CIC 0.62  capicua homolog  

DKFZP586H21 0.64  regeneration associated muscle protease 

FGF7 0.37  fibroblast growth factor 7  

GJA1 0.55  gap junction protein, alpha 1, connexin 43 

LTB4R 0.54  leukotriene B4 receptor 2 

MAP2K5 0.64  mitogen-activated protein kinase kinase 5 

MFAP2 0.58  microfibrillar-associated protein 2 

MORF4L2 0.63  mortality factor 4 like 2 

PCDHB14 0.52  protocadherin beta 14 

PTHLH 0.58  parathyroid hormone-like hormone 

RCN1 0.55  reticulocalbin 1,  

SOX13 0.61  SRY (sex determining region Y)-box 13 

SP1 0.62  Sp1 transcription factor 

ST8SIA2 0.47  ST8 alpha-N-acetyl-neuraminide alpha-2,8-sialyltransferase 2 

USHBP1 0.62  Usher syndrome 1C binding protein 1 

ZNF189 0.66  zinc finger protein 189 

 

   Common genes between Groups B & C 

 

      Gene symbol   MPA                  Name 

Up 

            ADAMTS 1.62 

  
disintegrin & metalloproteinase ECM  

     ANTXR1 2.42 

  
anthrax toxin receptor,  

    ATP11A 1.73 

  
ATPase membrane phospholipid- transporting 

    BCKDK 2.14 

  
branched chain alpha-ketoacid dehydrogenase kinase 

    BET1L 1.67 

  
golgi integral membrane protein SNARE 

     BSND 2.38 

  
Barttin interacts with CLCNK channels - chloride 

    C1R 1.72 

  
complement component 

      CAST 2.51 

  
calpastatin protease inhibitor of calpain 

     CNGB1 2.30 

  
cyclic nucleotide gated channel beta 1  

    CTGF 2.97 

  
connective tissue growth factor - binds IGFBP 

    CYB5D1 3.66 

  
cytochrome b5 domain 

      DDX27 1.88 

  
DEAD box polypeptide RNA helicase 

     EDA 2.15 

  
ectodermal dysplasia protein   

  EDG7 1.56 

  
endothelial cell differentiation  

   EFEMP1 1.70 

  
EGF-containing fibulin like  

     EPB41L4 1.83 

  
erythrocyte membrane protein 

      EPHA3 1.90 

  
ephrin receptor, human embryo tyrosine kinase  

    FBXO11 1.90 

  
F-box protein binds  

    

MPA 
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FBXW5 1.86 

  
F-box & WD-40 domain protein  - ubiquitin ligase 

    FOXO1A 4.24 

  
forkhead 

        FSCN2 1.91 

  
fascin 2 actin-bundling protein 

      GBE1 1.56 

  
glycogen branching enzyme, increases glycogen solubility 

   GIPC1 2.59 

  
G-protein-linked signalling  IGF-1 receptor interacting GLUT-1 

   HTRA1 1.79 

  
serine protease cleaves IGFBPs to increased IGFs 

    IFRD2 3.61 

  
interferon related development regulator embryogenesis/fetal 

   IGFBP3 2.70 

  
increases presence of IGF-1, insulin, hGH, EGF 

    INTS7 2.75 

  
integrator complex for small nuclear RNAs 

     ISGF3G 2.07 

  
equals IRF9, interferon stimulated TF STAT1/2 complex 

  LDHA 1.81 

  
lactate dehydrogenase, cell proliferation-inducing 

    LTBP1 2.22 

  
TGFB1 binding protein (latent) not direct binding 

    MAP4K4 1.89 

  
MAP kinase KKK4 DNA damage phosphorylation 

    MGAT4B 1.76 

  
membrane protein in glycosyltransferase S4 family 

    MMP2 1.57 

  
matrix metalloproteinase 2 cleaves gelatin & collagens 

   NDST1 2.20 

  
N-deacetylase/N-sulfotransferase (heparan glucosominyl 1) 

   PALM2-AKAP2 2.25 

  
protein is A Kinase anchoring (paralemmin) 

     PGRMC2 2.10 

  
progesterone receptor membrane component 2 

    PLAT 1.58 

  
plasminogen activator, tissue 

   PLEKHG3 2.89 

  
pleckstrin homology domain containing family G 3,  

  PTK7 3.11 

  
protein tyrosine kinase 7 perhaps cell adhesion molecule 

   RAB31 1.84 

  
RAS-related protein member of RAS oncogene GTPase 

   RPN1 1.64 

  
ribophorin 1,   

      RPS6KB1 2.00 

  
ribosomal protein S6 kinase , response to insulin/mitogens 

   TERT 2.14 

  
telomerase reverse transcriptase catalytic component 

   TMEM66 1.70 

  
transmembrane protein 66 

      TPI1 1.86 

  
triosephosphate isomerase 1 

      TXN 2.61 

  
thioredoxin   redox reactions 

      UBE2D4 2.90 

  
ubiquitin-conjugating enzyme E2D 4 (ligase) 

    USP12 3.51 

  
ubiquitin specific peptidase 12 , protease 

     VPS39 2.16 

  
vacuolar protein sorting 39 

      ZNF135 1.62 

  
zinc finger protein 135  transcriptional regulation 

    ZNF206 1.68 

  
ZSCAN 10  zinc finger protein,  transcriptional regulation 

   ZNF31 4.45 

  
ZSCAN 20  zinc finger protein,  transcriptional regulation 

   ZNF499 1.93 

  
ZBTB45  BTB domain   zinc finger protein, transcription regulation 

  ZNF530 1.90 

  
zinc finger protein 530,   transcriptional regulation  

    
             
             
             Down MPA 

           ANXA2 0.55 

  
annexin 2 (tetramer S100A10)  

   ANXA2P3 0.47 

  
annexin 2  pseudogene 3 

      CALM1 0.58 

  
calmodulin 1 calcium mediator 

      CAPN2 0.47 

  
calpain 1  

      CAV2 0.64 

  
caveolin 2 scaffold protein caveolar  

   CEBPZ 0.63 

  
CCAAT/enhancer binding protein zeta 

     COL6A2 0.58 

  
collagen 6 A2  
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CTPS2 0.60 

  
CTP synthetase  UTP to CTP 

      DTYMK 0.37 

  
deoxythymidylate kinase dTMP to dTDP 

     FER1L3 0.42 

  
Fer-1-like3  

    FGD1 0.63 

  
facio-genital dysplasia  

  FN1 0.35 

  
fibronectin 1  

    GARS 0.65 

  
glycine tRNA ligase catalytic 

      IL23A 0.38 

  
interlukin 23 (with IL12B)  

   ISG20L2 0.57 

  
interferon stimulated exonuclease 

     ITIH5 0.65 

  
globulin inhibitor (trypsin inhibitor) interα heavy chain 5 

   KCNC4 0.62 

  
potassium voltage gated channel 

     LGALS3 0.61 

  
"lectin, galactoside-binding" binding laminin  

   LOC126170 0.66 

  
similar peptidylprolyl isomerase A 

     LOC128192 0.64 

  
similar peptidylprolyl isomerase A cyclophilin A,  

  MRCL3 0.63 

  
myosin regulatory light chain3  

   MRLC2 0.58 

  
myosin regulatory light chain2  

   MTR 0.60 

  
methionine synthase  

 MUC12 0.62 

  
mucin 12 glycoprotein  

   MYH9 0.61 

  
myosin heavy chain 9,  

     MYLK 0.31 

  
myosin light chain kinase,  

     NCF1 0.64 

  
neutrophil cytosolic factor 1 

    NEXN 0.50 

  
nexilin (factin binding protein)  

   NPTXR 0.58 

  
neuronal pentraxin receptor  

   NR2F1 0.62 

  
NR2F2 = COUP-TF11  

     NUP155 0.58 

  
nucleoporin 155kDa nuclear pore complex 

     PPIA 0.62 

  
peptidylprolyl isomerase A   

   PPIAL4 0.66 

  
peptidylprolyl isomerase A like-4   

   RAN 0.65 

  
RAS-related nuclear protein GTPase   

  RGS10 0.44 

  
regulates G-protein signalling 

      RHOBTB3 0.64 

  
Rho-related BTB domain protein 3 

     SEPTII 0.54 

  
septin 11 

    TAGLN 0.48 

  
transgelin  

  UGCG 0.43 

  
UDP-glucose ceramide glucosyltransferase  

    UGT2B15 0.48 

  
UDP glucuronosyltransferase 2 family  
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